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Abstract
This study aimed to:
(1) Establish if rodent populations in sewers are separate from surface ones 
(Sewer Interceptor study)
(2) Investigate the numbers and distribution of rats in sewers (Preferred 
Location study / Long term study/ Hot spot study)
(3) Identify Rat behaviours that might affect numbers and control measures 
(Bait trial / Preferred Location study).
To achieve these aims sewer rat populations were monitored in the London 
sewer systems over a 20-year period. More detailed studies on rat behaviour 
were carried out in sequestered sewer systems.
The Interceptor study showed that rats are not confined in the system by 
water traps and cannot be viewed as a separate population from surface rats. 
They can, especially during periods of low flow, swim underwater, upstream, 
in the dark, to access or exit the system.
The Preferred Location study showed that rats like to find and use dry 
locations within the sewer network. There are distinct sets of behaviours, 
which occur in dry locations and not in wet ones and vice versa.
The Bait triai confirmed other studies showing that sewer rats are neophobic 
and this factor needs to be taken into account when dealing with them. The 
more rats there were, the shorter the avoidance period. In the experiment 
here, the mean time until consumption decreased from 8.5 for one rat to 5.5 
days for three rats.
The Long Term study found that the trend in rat numbers has been in decline 
over the whole twenty-year period of the study in the location studied. In the 
first thirteen years of the study, the proportion of bait takes decreased 
significantly from approximately 0.17 in 1986/87 to 0.03 in 1998/99 (F=17.75, 
P<0.001: df 1,11). Since then, the decline has continued with an exponential 
curve best fitting the data.
The Hot Spot study showed that Rats are not evenly distributed throughout 
the sewer network but occur, year on year in “Hotspots”. These were 
locations, which showed up to 17 times more than the statistically significant 
level of rodent activity. This activity occurred in the same location year after 
year although not throughout the entire study period. These locations were 
statistically significant (p<0.0001 after using the Bonferroni correction)
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Chapter 1 
Introduction
In order to set this work into some sort of wider context, it is necessary to 
have some understanding of the history of Rats (Rattus rattus and Rattus 
norvegicus) in the United Kingdom (UK) and also of the history and 
development of the London Sewer Network. Since the histories of both topics 
vary, I have kept the two subjects separate initially in this introduction as an 
aid to clarity.
1.1 Sewer Rats
Firstly, “Sewer Rats”, what is known about them?
The term "Sewer Rat” is a popular rather than a scientific name.
There is surprisingly little mention of either rats or sewers in the standard UK 
histories. This may be in part because they were so ubiquitous as not to merit 
mention or because the associations with filth and excrement put them 
beyond polite notice. It is however important to note, that as commensal 
rodents, the species that we came most into contact with changed from 
Rattus rattus to Rattus norvegicus (Berkenhout 1769) in the eighteenth 
century. The names may have changed but their long history of living 
alongside humans has earned them the soubriquet “Commensal” meaning 
“living at the same table”\
* Com mensalism  in Biology refers to a relationship between two living organisms, where one organism benefits and 
the other Is neither harmed nor helped.
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The long association of both species with humans is In little doubt and 
although they seldom merited direct reference in historical texts, the linguistic 
phrase: “To smell a rat”, meaning “to have a sense of something wrong, not 
clearly evident; to have reason for suspicion” is a colloquial phrase of long 
usage. It refers directly to the extremely penetrating and powerful smell 
produced by a decomposing rat carcase, which travels some distance and 
takes a while to track down. ^
There is also other archaeological evidence for their long-term existence in 
UK remains^
Their association with disease transmission came later. Certainly, the great 
plagues of the Middle Ages have often been ascribed to rats® even though 
this was done retrospectively. For example, the great diarist Samuel Pepys 
(Pepys 1665) who wrote about the “Great Plague” of 1665 does not mention
The phrase “To Rat” is more recent and Webster (1913) lists the source as:
"It so chanced that, not long after the accession of the house of Hanover, some of the brown, that is the 
German or Norway, rats, were first brought over to this country (in some timber as is said); and being much stronger 
than the black, or, till then, the common rats, they in many places quite extirpated the latter. The word (both the noun 
and the verb to rat) was first, as we have seen, levelled at the converts to the government of George the First, but 
has by degrees obtained a wider meaning, and come to be applied to any sudden and mercenary change in politics." 
-Lord Mahon.
 ^A number of dockside sites at Southampton were excavated from the late 1940s to the late 1960s, subsequently 
written up by Colin Platt. From a baseline of no rats in the period 1100-1225, the century 1250-1350 shows a 
significant assemblage: the remains of a minimum of seven rats, in addition, rat predators, of which there was one 
cat and one dog In the earlier period, rise to at least ten dogs and 28 cats. Barbara Noddle, who prepared the 
specialist report on the animal bones, concluded that 'a rat Invasion may have been the cause'. She noted that on 
one site where remains of five dogs were found, three were 'short-nosed, about fox terrier size' - ideal for chasing rats 
out of their holes. Later evidence from these sites suggests a decline in the rat and rat-predator populations in the 
16th and 17th centuries. British Archeology magazine 61, Oct 2001 Beaumont -James, T.
* “The sieving of soil samples from features such as ditches and pits found on archaeological sites helps us to 
recover bones from small mammals such as rodents, and from small birds. Most of these would have been living 
wild, in and around past human settlements. They can help us to form a picture of the local environment. Black rats 
are commonly associated with urban settlements, whereas hares thrive in open grasslands and field systems. The 
bones of birds and fish that were eaten help to build our picture of past diet and resource exploitation; fish are also a 
very good indicator of trading links, as marine fish, oysters and mussels are often found on inland sites and must 
have been brought from the coast. Evans EJ, Oxford Archaeology, Animal bones in Archaeology May 2004.
 ^® Inland from the coast rat evidence is again evident from the appropriate period at a range of sites. At Faccombe 
Netherton on the Hampshire/Berkshire border, a manor house flourished In the period up to about 1350 when, within 
a decade of 1348, it atiruptly became uninhabited as pottery and coin sequences stop. That plague had a hand in 
this is strongly suggested by the discovery of the greatest number of rats and their predators In the century following 
1260: a minimum of seven rats, 15 dogs and ten cats. Among the black rat bones were larger examples than are 
found in modern reference collections. Elsewhere in Hampshire, according to Dale Serjeantson's University of 
Southampton database, at the deserted settlement of Hatch Warren near Basingstoke there is a pronounced rise in 
bones of rats and their cat and dog predators in the century following 1350; while at Foxcotte near Andover, also a 
deserted village, cat and rat bones were found stratified together from the plague period. At Hamble Priory, near the 
Solent, where the pottery sequence ends about 1350, rat bones were again among the finds assemblage. Tom 
Beaumont James, British Archaeology issue 61 2001
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rats anywhere in his diaries of these years indicating that there was then no 
perceived link between the plague and rats. That animals were regarded as 
important agents for disease transmission can be deduced from the work of 
another author Daniel Defoe (Defoe 1722) who wrote in his “Journal of a 
Plague Year”: “Therefore were we ordered to kill all the dogs and cats, but 
because as they were domestic animals, and are apt to run from house to 
house and from street to street, so they are capable of carrying the effluvia or 
infectious streams of bodies infected even in their furs and hair. And 
therefore it was that, in the beginning of the infection, an order was published 
by the Lord Mayor, and by the magistrates, according to the advice of the 
physicians, that all the dogs and cats should be immediately killed, and an 
officer was appointed for the execution”.
“It is incredible; if their account is to be depended upon, what a prodigious 
number of those creatures were destroyed. I think they talked of forty 
thousand dogs, and five times as many cats; few houses being without a cat, 
some having several, sometimes five or six in a house. All possible 
endeavours were used also to destroy the mice and rats, especially the latter, 
by laying ratsbane and other poisons for them, and a prodigious multitude of 
them were also destroyed”.
This measure might be considered counter-intuitive in retrospect because, 
from his account, the predators that might have kept the rats in check were 
killed first! However it has to be remembered that it wasn’t until 1894 that 
Yersin (Yersin 1894) and Kitasato (Kitasato 1894) separately made the 
connection between rats and plague. Even so, before that, it was known that 
rats could die from plague and it is possible that knowing this, the Lord Mayor
18
ordered rats to be killed. Whether all of the medieval plagues were caused by 
Yersinia pestis is a matter of debate but there is evidence that at least some 
of them were (Drancourt & Roult 2002).
Black Rats, {R. rattus), often called "roof rats" were with mice {Mus muscuius) 
the first commensal rodents that lived closely with human beings in their 
houses in the UK. The common name "roof rat" shows just how close the 
relationship was. It is worth remembering that they evolved as cereal feeders 
and that the roofs of houses in medieval times were commonly thatched with 
rush or straw that could be used by the rats for both insulation and nesting 
material®. Housing often was of the long-house type with the domestic 
animals quartered at one end of the building and the humans either next to or 
above them. Animal fodder such as hay and grains would have been stored 
alongside or above the living quarters. That being the case, it is not difficult to 
see the attraction, from the rat’s point of view, to live as commensals. The 
rat’s close proximity to humans and its susceptibility to the plague would have 
meant that plague was easily transmitted by fleas living on black rats to 
humans occupying the same buildings.
The brown or Norway rat, Rattus norvegicus, began steadily colonizing 
Europe, and particularly England, in the early 18th century. Upon its arrival 
the brown rat was quick to supplant the indigenous black rats. Today, apart 
from a colony that held out until recently on Lundy Island, off the west coast of 
England and the Shiant Islands off the Hebrides, the black rat (Rattus rattus)
® “The archaeological value of medieval thatch goes well beyond the simple fact of its survival - however 
extraordinary that may be. These base coats contain the best preserved late medieval cereal remains ever recovered 
in western Europe, and include complete ears with intact grain and straw, as well as crop weeds and other 
vegetables". "Most archaeologists agree that all early buildings in Britain, from the Neolithic until the late medieval 
period, were thatched.” John Letts on the survival of medieval plants in thatch British Archaeology Magazine April 
2001
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is very uncommon In the UK outside of port cities^.
Trevelyan (Trevelyan 1945) argues that one consequence of the Great Fire of 
1666 in London was the removal of the overcrowded and often squalid old 
houses, to be replaced by brick buildings and the replacement of straw 
flooring and cloth hangings with boarded floors and panelling. As a 
consequence, the black rats and their fleas found fewer places to hide, giving 
less opportunity for disease transmission. However, the decline of the black 
rat Is marked and they were thought mostly extinct by 1890 (Harris 1995).
It is difficult now to point exactly to reasons why R. norvegicus displaced R. 
rattus as the most dominant rat In the UK. It does however appear that within 
a relatively short timescale, the one replaced the other.
R. norvegicus has exploited niches that R. rattus seems to have ignored and 
its common name of “Ship Rat” as compared to R. rattus, commonly known 
as the “Roof Rat” shows where it was often observed. Since it was R. rattus, 
that lived inside people’s homes, its displacement by the burrow-loving “brown 
rat” R. norvegicus, could be a factor in the decline of the incidence of plague 
during and after the 17^  ^century since direct contact with the human 
population was potentially reduced®.
Because it was larger and more adaptable, R. norvegicus was able to thrive in 
environments that were not suitable for R rattus as well as taking over some 
of those environments previously occupied by them. This led to an increase in
’  Harris gives a pre-breeding UK population of 1300 at most. (Harris et al A review of British Mammais 1995).
* “The partial replacement of the black rat by the brown which lives In sewers and would therefore also decrease the 
contact between rats and humans" Appleby A. (1980).
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the overall rat population and rats became the focus of hunting activity to 
reduce their nuisance level®.
The preference of the Norway rat for other habitats including tunnels and 
sewers led to the nickname for the labourers who built the Victorian sewer 
systems becoming popularly known as “sewer rats"^ ®. This suggests that rats 
were already popularly known to inhabit these spaces in some numbers at the 
time the “title” was bestowed on the workers.
Given that R. norvegicus displaced R. rattus, the question does arise as to 
why outbreaks of bubonic plague did not increase?^\ One reason lies in the 
different behavioural habits of R. norvegicus (Appleby 1980). Their 
preferences for harbourages and ecological niches further away from human 
beings reduced the contact between the two species (Appleby 1980). This 
change took place prior to the installation of an extensive underground sewer 
network in Victorian London and so, the opportunity to exploit this habitat, 
which does bring them quite close to humans in proximity terms, did not 
widely exist then^ .^
Whilst it is true that the plague is not a current threat in the UK, it Is still a 
disease that should be taken seriously. Both species of rat have parasites in
® Rat Pits. “This excess in the rodent population led to a rather unusual sport. In Victorian England, great numbers of 
wild rats were captured for use in rat pits. This pastime involved placing a large number of rats in an enclosure with a 
dog. The dog would then proceed to dispatch as many rats as possible, and the one who killed the largest number in 
the shortest time was declared the winner. Bets were placed on the dogs and large sums of money exchanged hands 
at these establishments. “For instance, I have an advertisement for a match at the Westminster Pit on May 15th,
1825. Billy, a very famous dog of his time, was matched to kill 100 rats against The Kentish Bitch, which was almost 
equally famous. On this particular occasion the official rat-catchers for the pit had failed to provide the requisite 200 
adult rats so that the match had to be declared "No-Go". The result with the rats available was that Billy disposed of 
90 in 7 % minutes and The Kentish Bitch killed 65 in 8 minutes 45 seconds.” "THE BOOK OF THE DOG", Staffords 
and Baiting Sports by Phil Drabble, iv Rat Pits. Edited by Brian Vesey-Fitzgerald, published in 1948 by Borden 
Publishing Co., Los Angeles, California, USA;
Sewer Rat: A bricklayer who specialized in building tunnels and sewers. Gendocs site Genealogical research in 
England & Wales Ranks, Professions, Occupations & Trades Hitchcock (2005)
"  Bubonic plague is a disease of wild rodents in which the bacterium, Yersinia pestis is spread between them by 
infected fleas. Occasionally today it is transmitted to humans from commensal rats and there are some 1600 cases a 
year worldwide, which are readily cured by antibiotics when available. The History of the Black Death, Duncan & 
Scott, First Science August 2004
There were water courses, many covered in some locations in the City of London.
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common, most notably Xe/7opsy//a cheopsis, the “Oriental Rat Flea” ®^. Many 
fleas are able to feed on a range of hosts although they tend to need a blood 
meal and specific habitat conditions from their preferred host to breed. The 
Plague struck London’s human population for the last time in 1665 in any 
great numbers. Although it is often called the “Great Plague”, there had been 
worse plagues in the past. It is not merely a historical curiosity. Recently 
there have been outbreaks of plague. For example in the summer of 1994 
there were 5,000 cases of pneumonic plague in Surat, India, killing 
approximately 100 people (Campbell et al 1995).
Whether all historical plagues in the UK had the same epidemiological 
parameters is the subject of much debate. The arguments about the place of 
rats in historical plagues are best summed up by the debate between Appleby 
(Appleby 1980) and Slack (Slack 1981) summarised in the footnotes^"*
"  Cavanaugh (1971) lists 29 species of flea which can transmit the plague bacillus Y. pestis. Plague is transmitted 
while the infected flea is feeding, by regurgitation of the bacillus from the flea's alimentary tract through the proboscis 
into the new host.
Appleby's points: Peoples growing immunity to the disease, i.e. Natural Selection does not reflect the pattern of 
the plague decline, as it should have been a steady decline from a height to theoretical minimal level. Vulnerable 
people from the country could still move to the cities, but unlikely to move into infested areas. Better Nutrition was 
unlikely. Rich people always had wide variety of food but were still affected by plague. Better Housing could have 
designed out rats. London was rebuilt after 1666, new houses with less places for rats to 'nest'. End of seventeenth 
century brings gradual rise in living standards. No visible link between rats and plague, no measures taken. Plague 
still disappeared in London after 1656. (Uncertain by Appleby) Change in species of rat? Rattus rattus (Black rat) 
lived in people's houses and major initial host of the plague before its movement to humans. - Rattus norvegicus 
(Brown rat) lived in the sewers (what sewers?) and also a host to the plague but not in close contact with humans. 
Arrival had a negative effect on the number of black rats thus disease moved underground further away from the 
humans. (Disputed by Appleby) Measures of the humans against the disease?’.- Major grounds for the dispute with 
Slack all quarantine measures taken by the authorities were seen as worthwhile long-term method, it was not the 
complete package and disease could still get through, (seen as ineffective by Appleby) Rats increasingly immune? —  
Fewer deaths of the rats thus, less fleas leave the bodies to look for further hosts (humans) and would move to rats 
still alive. Stand test of the pattern of the decline of the plague. “No single explanation seems to fit satisfactorily ail the 
facts drawn from all the geographical regions affected at one time or another” —  A. B. Appleby, The disappearance 
of Plague: A continuing puzzle, Economic History Review, 1980 (pg173)
Slack’s points Rat immunity? (Appleby's main argument) —  Attacked by Slack, towns that were likejy to be 
subject to susceptible rats were among first to be free of disease (E.g. Hull and Newcastle). Also immune colonies of 
rats do not last forever. (Rejected by Slack)Change in the type of the disease ? —  Reduction in the virulence of the 
disease? (Not accepted by Slack completely)Change in living conditions? —  Remove ideal conditions for black rat 
and encourage brown rat. Environmental impacts recognised as reduction in the likelihood of plague. (Seen as long 
term influence by Slack) Measures of the humans against the disease? (Slack's main argument) -. Trade with 
Eastern countries was high (Turkey) thus initial threat of Disease. Threat from infected skins. Anti plague measures 
varied in effectiveness. Probability plays large part, negative influences affected by wars and positive influences such 
as rigorous administration. International exchange of info on the plague, human authorities adapt and become more 
efficient. 'My conclusion is therefore in essentials the reverse of Prof Appleby's, it was human action, which freed 
Western Europe from plague in the later seventeenth century. Potential changes in the micro organism and certain 
improvements in the environment have only worked in the long run, confirming that disappearance and, hopes.
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What was the plague? The historical UK plagues are thought to have been 
plagues of the type caused by the bacterium Yersina pestis, which was 
transferred by the rat flea Xenopsylla cheopis. Fleas leave the cooling body 
of a dead rat because it no longer provides a meal or habitation. If they are 
hungry they can feed on an alternative host, which could be a human. If they 
recently fed on an host infected with Y. pestis, they can transmit the disease 
Cavanaugh (1971). Y. pestis invades the host’s lymphatic system and causes 
swelling of the lymph glands. Bubonic is the name given to types of plague 
that are transmitted by infected fleas as they feed through the skin.
Pneumonic infers transmission from person to person through sneezing, 
where aerosols containing bacteria cause transmission. There is a common 
belief that the plague that infected Britain in the Middle Ages was bubonic 
plague and was therefore transmitted by insects. Daniel Defoe (Defoe 1722) 
noted that, “because of its infectious nature, the disease may be spread by 
apparently healthy people who harbour the disease but have not yet exhibited 
the symptoms. Such a person was in fact a poisoner, a walking destroyer 
perhaps for a week or a fortnight before his death, who might have ruined 
those that he would have hazarded his life to save... breathing death upon 
them, even perhaps his tender kissing and embracing’s of his own children.” 
This mode of transmission is perhaps overlooked and focus has been placed 
too much on the rat and it’s flea as a sole vector of infection. The issue of 
whether the plague was spread solely by rat fleas is still an unresolved 
question. Neither is the issue of humans eating food contaminated with rat 
urine and faeces, a known route for the transmission of Leptospira! jaundice
prolonging it into the future.' —  Raul Slack, The Disappearance of Plague: An Alternative View, Economic History 
Review, 1981 (pg475>
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explored in any detail. Appleby suggested this route of transmission. There is 
also the possibility of two methods of transfer from infected rat fleas to 
humans or from infected human fleas (Pulex irritans) from humans to 
humans^®. Since the human flea can also transmit plague, the death of one 
host can lead, as with the rat flea, to the search for another. In the case of 
humans the host does not need to be dead to move to another human. This 
brings in further possibilities for the reason for the decline of the plague, since 
a number of potential host species could have been killed by the same 
disease of which they were all interactive vectors. If they were all interactive 
victims too, the scarcity of host material might be a factor in the sudden 
cessation of the pandemic. Cavanaugh (Cavanaugh 1971) also notes that 
temperatures above 27° Celsius cause Y. pestis to die out in the flea’s 
proventriculus and cites this as a reason for the decline of plague outbreaks in 
hot weather.
Whilst fleas can sustain themselves from the blood of a non-host animal, they 
cannot usually breed. It is generally not so much because of a specific 
component or balance of components in the host’s blood, but more because 
they are adapted to share the same ecological niche as the host and larvae 
may need to spend time in the detritus of its bedding and feed on the faeces 
of the adult fleas (Hinkle et al 1991 ).
The plague is the disease most popularly associated in people’s minds with 
rats, certainly in a historical context. It might be a mistake though to view this 
as an entirely historical phenomenon. Outbreaks are still a problem in
 ^ The oriental rat flea, Xenopsylla cheopis, Is the most important vector of the plague bacillus, Yersinia pestis, from 
rat to man but at least 29 other species of fleas can transit the disease including the northern rat flea, Nosopsylius 
fasciatus] the mouse flea, Leptopsylla segnis; the dog flea, Ctenocephalides canis] the cat flea, C. felis] and the 
human flea, Pulex irritans. Plague is transmitted while the infected flea is feeding, by regurgitation of the bacillus from 
the flea's alimentary tract through the proboscis into the new host. Yersinia pestis is rapidly eliminated from the
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Madagascar as the disease hasn’t naturally disappeared. More worry!ngly, it 
has been the subject of germ-warfare researchsince the 1950’s^ ®.
Work by Keeling and Giiiigan (Keeling & Giiiigan 2000) suggests that the 
disease persists in rat populations for a lot longer than occasional outbreaks 
of plague in the human population would suggest. It may still persist In some 
UK rodent populations. It does in the USA^ ®.
In the UK today, there is perhaps a greater risk of infection from Weil’s 
Disease, {Leptospira Interrogans) which is found in the urine of female rats. In 
the UK an average of around thirty cases of Weil’s disease occur each year^°. 
Since transmission of this disease is almost solely linked to rats and since it Is 
potentially fatal, it is still included in the Registrar General’s statistics even 
though the numbers are tiny compared with other causes of fatalities, such as 
road accidents. There are a number of other diseases that rats can transmit 
and therefore the presence of rats near human habitation is always a cause 
for public health concerns.
Webster & Macdonald (1995) in a study of 600 rats trapped on a farm found 
that the proportion carrying Leptospirosis was far lower than popularly thought 
(14%). They did however find a considerable number of other diseases and 
organisms that could be transmitted to humans from R. norvegicus^\
proventriculus of the oriental rat flea when the mean monthly ambient temperature exceeds 28 “C (82 °F), and 
plague epidemics decline with the advent of hot weather (Cavanaugh, 1971).
New York Daily News 15/9/05 “FBI Called in as Killer Mice go AWOL with Plague” Derek Rose 
Sunday Times 11/9/05 "Trawler Crew exposed to deadly Plague test". Karin Goodwin 
http://www.ioveheaith.orq/books/piaaue.htm (checked 2007)
Annual Report of the Registrar General for births, deaths, and marriages in England 1995-onwards
Overview of Leptospirosis Any infection with the Leptospira bacterium is called 'Leptospirosis'. In a small number 
of rare cases, the infection causes serious damage to the body organs and jaundice. This severe form of the infection 
is called "Weil's Disease’ after the doctor who first identified it. Tens of thousands of people contract the infection 
every year, and most recover completely with treatment. If untreated, the patient may recover, though if the infection 
is serious the patient may not survive the organ damage caused by the bacteria. The onset of symptoms is rapid, and 
in severe cases decline is equally rapid. An infection of Leptospirosis resembles a cold or influenza infection in the 
initial stages. The incubation period is from 4 to 10 days, depending on the method of infection and your 
susceptibility. Not all exposed persons catch the disease. Early symptoms are fever, chills, muscular aches and 
pains, loss of appetite, and nausea when lying down. These can easily be mistaken for influenza, meningitis or the 
classic physician's excuse, 'FUG' or Fever of Unknown Origin. Later symptoms include bruising of the skin, anaemia.
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There is a debate as to whether the plague organism Yersinia pestis 
described by Yersin (Yersin 1894) is the same as those that swept Europe in 
the middle ages. Historians have suggested other culprits such as ebola and 
there Is some evidence that might support these alternate hypotheses. That 
said, Drancourt and Raoult (Drancourt & Raoult 2002) found the DMA of Y. 
pestis in the tooth enamel of a skull taken from a plague-plt. Cooper (Cooper 
2003) failed to replicate this finding thus far and has publicly cast doubt on 
their claim. So, whilst there may have been other disease outbreaks with 
other causes, we cannot entirely reject the possibility that Y. pestis was one of 
the causes of “plague”. Neither can we reject the possibility that rats were 
involved in the transmission process.
Historically then, it can be seen that rats have a long and close association 
with humans. This has led at times to the transmission of disease as well as 
damage to food and property. The current situation is that rats are still 
commonly found in the vicinity of humans and human enterprises particularly 
farms, water-courses, and compost or rubbish heaps. They are often found in 
association with garbage and sewer disrepair (Lund 1994). There is both a 
significant disease risk and the potential to cause damage attached to their 
presence near humans (Battersby 2003).
Part of the problem with researching an animal with such a long and close 
association with human beings is the number of myths and misconceptions 
that surround the rat concerning their numbers and abilities. These myths are 
enduring and are sometimes used as a reason to continue with poor practices 
in the Pest Control Industry (Channon & Murfitt 2005).
sore eyes, nose bleeds and jaundice. The fever lasts for approximately five days, then a significant deterioration 
follows. httD://www.ieDtosDirosis.ora/medical/overview.php June 2006.
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Because rats are known to live in the sewers that are connected to most 
houses, their presence in the sewerage system has always been cause for 
concern. So even though rats are a minor cause of human disease these 
days, there is still a need to look on rats as a pest of potential public health 
importance. Their opportunities for contact with humans and human food 
sources need to be controlled in order to prevent the transmission of disease 
as well as damage to foodstuffs and property.
1.2 The Distribution of rats in Britain.
Rattus norvegicus is a native United Kingdom (UK) mammal, having 
established itself here in the 17^ *^  Century (Lund 1994). They are regarded as 
a pest and much of the scientific work done on them emanates from the pest 
standpoint rather than the wild mammal perspective. Some of the underlying 
assumptions of the "pest" perspective are that, as vectors of disease, one of 
the main goals of research is to facilitate elimination. It comes as a surprise to 
some in the pest control industry to find that, although they are termed 
commensal rodents, they can live without close association to man and they 
are widely distributed across the surface of the country, occupying their own 
environmental niches. The occupation of sewers, rather than being their prime 
habitat, is an anomaly (Lund 1994).
As a consequence of the pest perspective, there are only few studies of rat 
population numbers in the UK of any great merit.
One of the best overviews of the current rat population is found in “A review of 
British Mammals” (Harris et al 1995). This review adopts a fairly 
comprehensive approach towards estimating the numbers of mammals and
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also rates the reliability of its estimates. It estimated the UK rat population in 
1995 at about 6.75 million (pre-breeding population^^).
Bouelter (Bouelter 1909) was the source of one of the most enduring 
estimates of rat populations that has attained the status of an urban myth.
This is the oft-repeated statistic: “There is one rat per person in the UK", a 
common tagllne in newspaper articles reporting a rat problem. In 1909 W. R. 
Boelter was looking at rat numbers. He noticed from studying reports elicited 
from landowners, farmers and estate agents, that there appeared a density of 
about one rat to the cultivated acre. He noted that, at the time, there were 
about 40 million acres of land in cultivation. These observations lead to the 
assumption that there were around 40 million rats in the UK at that time.
The UK’s human population around that time was around 40 million - it has 
been estimated as being 38.2 million in 1901 rising to 42.1 million by 
1911 (Optimum Population Trust 2005). This led him to make the original 
connection that there was one rat for every person in the UK. What he 
actually said was “There are at least as many rats as there are human 
beings".
Since Boelter’s time, there has been a rise in human numbers in the UK to 
approximately 60 million at present^^.
During the same period, there has been a decline in the area of cultivated 
land due to current farming practices, economic changes and European Union 
agricultural policies. The cultivated acreage has dropped and the population 
has risen to near 60 million but the perceived link still endures. If the
Whilst not completely applicable to sewer rats which can, according to some sources, breed year round, It at least 
gives a base line to work from for surface populations. Pre-breeding populations are those that survive the winter to 
the start of the new breeding season. At this time the population will be at It lowest but possibly fittest. Comparing 
these levels at the same time year on year gives the best Indication of long-term population changes.
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connection were to hold, there should be about 60 million rats today. The Tidy 
Britain Group has used the number 60 million in their campaign against 
littering and this figure has been widely quoted in the press. Their picture of a 
rat adorned thousands of litter-bins about the country in 2005^ ^^ .
Battersby (Battersby 2003) estimates that the rat population in Britain is up to 
20 million in total. He uses the estimate produced by Harris (Harris et al 1995) 
of nearly 6 million in infested properties and then adds on a figure for the 
environments neglected by Harris plus accounting for the rate of infestation 
proposed by Meyer (Meyer et al 1995).
Acknowledging the difficulty in making estimates, Battersby goes on to show 
that, using different methodologies, rat numbers in infested domestic 
properties could be as high as 2.2 million or as low as 800,000.
The figure of 2.2 million, the highest in the range is about a third of the Harris 
(1995) figure. The total of 20 million is about a third of the figure used by the 
Tidy Britain Group but still nearly three times that of the total number of rats 
estimated in the Review of British Mammals. The Association of London 
Government suggests in a press release in 2003.^® “Across the country the 
amount of rubbish dropped on our streets has risen by around 500 per cent 
since the 1960’s, which has helped swell the number of rats to around 60 
million.”
Drummond (Drummond 1963) found that rats infested approximately 2% of 
urban properties. He suggested that the number of rats around an infested
In mid-2004 the UK was home to 59.8 million people” htto://www.statistic5.aov.uk/CCI/nugqet.asp?ID=6 accessed 
April 23"' 2007
 ^ Campaign running through 2005 
htto://www.alq.qov.uk/doc.asp?doc=8708&cat=1155 accessed 23"' April 2007
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property is small and roughly the same as the average number of people in 
that property.
Whilst it seems clear that, the more the estimates are based around some 
research or logic, the lower the numbers appear to be, it is still the higher 
estimates that grab the headlines. This would not be a problem were it not 
that these same high numbers are being used or quoted by pressure groups 
in an effort to drive government policy.
There is a report produced by the National Pest Technicians Association 
(2000 ) (NPTA) on rat numbers that is based around a survey of local 
authorities treatment of rat infestations. Rennison and Shenker (Rennison & 
Shenker 1976) found that public complaints of rodent infestations gave an 
unreliable estimate of the true infestation level or of changes in rodent 
numbers, but the authors of the NPTA report do not seem to take any account 
of this work. Since it is scientific in presentation and produces percentage 
statistics it has received a lot of coverage in the popular press. Unlike the 
Review of British Mammals, which derives its numbers from the pre-breeding 
rat population, this report has a separate section on "summer rats" and whilst 
giving percentage population increases never gives the base numbers or 
dates from which these percentages were drawn. The NPTA report for 
Northern Ireland for 2000 shows a 25% increase, the following year, a 29% 
decrease. These huge swings suggest small sample sizes since the larger the 
sample, the less variation there is likely to be shown by each additional piece 
of data.
So, an increase from one to two would give a 100% increase whereas from 
ten to eleven this would become 10% and from a hundred to one hundred and
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one, it would become 1%. These scales of movement would indicate a larger 
sample size. Generally low sample numbers reduce the reliability of 
information inferred from the data “The larger the sample size, the more 
reliable its mean. The larger the variation, the less reliable the mean” ®^.
Few of the press are willing to look beyond percentage increases and ask 
questions about reliability. Others in the industry express more concern.
“Even if the NPTA survey had shown a large increase in the rat population we 
still don’t know enough about how changes in the rodent population will affect 
public health” and “There is not enough currently known about links between 
numbers of pests and incidence of human disease. Until there is, we could do 
without misleading headlines” Mr Jukes said in a Cl EH press release (Jukes 
2000).
There are occasional questions asked in Parliament after MP’s respond to 
local concern.^^
Looking at the more rigorous scientific approaches, we find that, after World 
War Two (WW2), Barnet (Barnet et a /1951) studied surface rat populations in 
two villages in Devonshire. One village had a human population of 266, the
www.slatsoft.com/lextbook/stbasic.html 
^^18 Dec 2000 : Column W A33 Brown Rat Population Lord Hardy of Wath asked Her Majesty's Government: What is 
their estimate of the brown rat population in England; whether the population is increasing; and whether there is a 
noticeable increase in the immunity of the species to poisons containing warfarin.[HL56]
Baroness Hayman: A report published by the Joint Nature Conservation Committee in 1995 estimated the brown rat 
population in England at 5° million. No figures on trends over recent years are available. Information on the level of 
rodent infestation was collected as part of the Department of the Environment, Transport and the Regions' 1996 
English House Condition Survey and published in January 2000. The results show that, in general, the level of rodent 
infestations is low, and is lower compared to a previous survey in 1993. Overall, the 1996 survey found that 1.7 per 
cent of properties had rats present outside and 0.4 per cent had rats inside. The detailed results are available in the 
report "Rodent infestations in domestic properties in England", a copy of which is in the Library of the House.
Under the provisions of the Prevention of Damage by Pests Act 1949, local authorities are responsible, as far as is 
practicable, for keeping their district free of rodents. They also have powers to require occupiers of land to keep their 
land free from rodents.
Surveillance by the Ministry of Agriculture, Fisheries and Food has shown that in some parts of the country rats are 
resistant to warfarin; however, stronger second generation" anticoagulant rodenticides are available for the control of 
warfarin-resistant rats. In addition to lethal methods of control, heavy emphasis is placed throughout the pest control 
industry on the need to maintain hygiene and to proof premises against the entry of rodents. 
http://www.publications.parliament.uk/Da/ld2Q0001/ldhansrd/vo0Q1218/text/01218w02.htm accessed 23rd April 2007 
http://www.thevworkforvou.com/wrans/?id=2005-07-04.7333.h accessed 23"  ^April 2007
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Other of 364. The main activity in each village was mixed farming, with some 
poultry and pig keeping.
From spring 1947 to spring 1950 visits were made to both villages at six- 
monthly intervals. At each visit a relative census of the rat populations was 
taken. This was done either by test baiting^®, which records only the visits by 
rats to bait points; or by census baiting, in which a surplus of wheat is laid 
each day until the amount taken levels off. The level so reached is a measure 
of the rat population. Test baiting was found to be less reliable, as an index of 
changes in the rat populations, than census baiting^®. In some instances 
treatments, consisting of one, two or three strikes, i.e. poisonings after pre­
baiting, were carried out after the census. Complete clearance of a whole 
village was not achieved on any occasion. Lasting reductions of the rat 
populations were achieved only by comprehensive double or triple baiting 
rounds. After such treatments the rat populations took more than a year to 
recover. Barnet suggests that the recovery to the maximum rat population 
would often have taken 2 years or more had it been allowed to take place.
In each village the rats were distributed in discrete colonies, most of them in 
farms or chicken runs. Poor hygiene and dilapidation of buildings were 
considered important factors in promoting rat infestation. When a new source 
of food became available near an existing infestation, e.g. as a result of the 
setting up of a new chicken run, rats soon appeared. This suggests that there 
are some basic necessary conditions for the rat’s success. One of the main 
findings of this work was that rats quickly appeared to re-occupy or colonise 
favourable locations. One interesting point that emerges from their study is
' Test Baiting. A bait, attractive to rats is placed. If the rat samples it, rat activity is recorded 
' Census Baiting is similar to test baiting but attempts to establish numbers and not just activity.
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the unreliability of test baiting. Yet this process is still commonly used in sewer 
rodent monitoring and rodent control as a whole.
The other point of major interest in this study is that, even after their best 
efforts at elimination of the rats, the populations fully recovered after two 
years.
In surveys, Rennison and Shenker (Rennison & Shenker 1976) found that 
public complaints of rodent infestations gave an unreliable estimate of the true 
infestation level or of changes in rodent numbers. In an attempt to gain better 
information, a random survey was conducted in several London boroughs. 
No borough was found to have a higher infestation of rats than another. 
Residential premises had lower infestation than business properties. Flats 
were also less infested than houses -  probably due to many infestations 
existing in gardens. With fewer than 30% of rat infestations being reported by 
the public, they (Rennison & Shenker 1976) thought that population surveys 
were necessary to measure the prevalence of infestations. There does not 
appear to be a consensus on how many rats It takes to make an “infestation”. 
However since the presence of rats is a cause for public health concern, their 
increased abundance in any situation simply amplifies concerns.
There have never really been the resources to do population surveys on any 
large and continuing scale and occasional surveys of one sort or another 
continued to provide the backbone of information until I published the Long 
Term study (Channon et al 2000).
Habitat, mentioned by Barnet as being important, is acknowledged in later 
work such as the 1996 English House Condition Survey. In this study, the 
sub-set of data referring to commensal rodents was looked at by Langton
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(Langton et al 2001). The presence of commensal rodents was assessed in 
the survey and logistic regression techniques were used to identify the key 
factors which might determine the susceptibility of dwellings to rat infestations. 
They found a relatively low proportion of houses infested and an interesting 
correlation between plot size and the probability of infestation. For instance, 
larger plots with gardens were more likely to have rats. Plots where pets were 
fed out of doors were again more susceptible. Smaller plots were more likely 
to share a rat. In other words, the rat’s territory overlapped several small 
houses. This is consistent with Rennison and Shenker’s (Rennison &
Shenker 1976) findings on flats and houses.
Meyer (Meyer et al 1995) also carried out a National commensal rodent 
survey. This survey was initiated to try to provide objective information on the 
levels of rodent infestation, and in particular to determine if population sizes of 
house mice and rats had changed in England and Wales since the previous 
survey that was carried out in the 1970’s. The catalyst for this survey was the 
1989 Chartered Institute of Environmental Health (CIEH) report that Indicated 
a 20% increase in public complaints concerning rats since 87/88. Compiaint 
levels are, however, subject to a number of influences outside the actual level 
of the rodent population itself (e.g. publicity and changes in public perception), 
and it was therefore necessary for Meyer to conduct a random survey to 
estimate the actuai Infestation level. Local authorities participated on a 
voluntary basis (selection was therefore not random, but due to the large 
number of authorities participating it is likely that a fairly accurate reflection of 
the national situation was provided) and had to draw a random sample of 
properties. These properties were examined for the presence of rats and
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mice. Information on the property and the control methods being undertaken 
was also gathered. One unavoidable difference in this survey to previous 
surveys was the inclusion of agricultural premises (not previously surveyed in 
the 1970’s study). They found there had been a significant®® increase in rat 
populations from 4.4% to 4.8% overall since the 1970’s. The increase was 
particularly noticeable In domestic properties (39% Increase) and in large 
towns. Rats were most likely to infest properties used for domestic and 
business purposes rather than agricultural. There was also a significant 
decrease in rat infestation levels in premises that handle food. This may 
reflect the fact that the very presence of rodents in eating establishments 
contravenes food hygiene legislation, which is being increasingly enforced. 
Such properties are also more likely to undertake preventative measures than 
domestic premises.
Meyer (Meyer et al 1995) found no clear geographical pattern of rat 
population distribution. This was probably due to the extreme adaptability of 
rats and the range of factors that determine the likelihood of an area being 
infested with rats (environmental, housing, control etc.). Eastern areas of 
England did however have slightly higher levels of rats. Most rat infestations 
occurred outdoors, and the incidence of outdoor rat infestations was 
particularly high in rural areas and on business premises. High infestation 
rates in detached houses and high-rise fiats also seemed to be entirely due to 
different rates of infestation in outdoor areas. Agricultural properties had 
particularly high infestation rates (8-9 times greater than that of non- 
agricultural properties).
' This is not Statistical "significance” but is their choice of words Perhaps “notable” would avoid confusion.
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As a consequence of the infrequency of these national surveys, no 
information is available on what occurs between sampling periods. If rat 
populations cycle, then the possibility exists that the time chosen for the study 
simply coincides with a high or a low population size in the cycle, leading 
perhaps to erroneous conclusions being drawn.
The discrepancy between the 20% increased level of public complaints over 
the previous five years and the actual increase in rodent numbers over the 
previous twenty years, could also suggest that the public were becoming 
more ready to see the presence of rodents as an issue and voice complaints 
about the matter (Khanna 2002).
This relates back to concerns raised by sensational reporting in the press 
having an effect upon the readerships' expectations.
Pond and Battersby (Pond & Battersby 1997) sent questionnaires to 54 local 
authorities in the metropolitan areas of Merseyside, Manchester, the West 
Midlands, London and the South East of England. Similar forms were also 
sent out to pest control firms in these areas.
In almost half the areas, the view was held that rat infestations were 
increasing (indicated by a rise in complaints by the public). There was a lack 
of records on the source of rat infestation in public properties and on whether 
these infestations were in domestic or commercial premises. The most 
common reason suggested by local authorities for the perceived increase in 
rats was the lack, or inadequacy, of sewer baiting and some local authorities 
did not undertake baiting on their own behalf. There was also a general 
misunderstanding as to who was responsibie for rats in sewers -  the Water 
Companies or the Local Authorities. Less than a third of authorities were abie
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to provide any assessment on the contribution of drainage defects to rat 
infestation. Of the authorities that did, 12 % of rat infestations were attributed 
to drainage defects. Of those respondents able to make assessments on the 
use of plastic pipes, more than half perceived the rat problems to have 
Increased in underground drainage pipes. One third believed that plastic pipes 
were more susceptible to damage by rodents. Again, it may be that the 
increased level of complaints is simply due to increased public awareness 
rather than increased rat population size. Likewise, the reason that many 
respondents were unable to attribute rat problems to drainage or plastic pipe 
issues might well be because there are too few reports of rat-damaged drain 
problems to make such issues worthy of note. Battersby (2002) discusses 
these issues in some depth.
The survey also highlights, perhaps unintentionally, the tendency for a cycle 
of blame to emerge where, when a rat infestation problem comes to public 
attention, the public blame the council and the council blames the water 
company who in turn either passes it back or denies responsibility.
Meyer (Meyer 1981), at the Damage to Sewers and Rodent Control 
Symposium, presented a paper called “Test baiting and results". This paper 
reported on the results of two test bait trials carried out in Greater London in 
1976 and in 1980. A higher rate of rat infestation was found in 1976 (88% 
infested) than in 1980 (60% infested). Central London had the highest rat 
infestation rate, followed by Inner London, then Outer London.
However, Meyer (Meyer 1981) does not indicate if the sampling method was 
consistent between the two years. Therefore, differences between the two 
years may just be as a consequence of differences in sampling efficiency.
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Snap pictures of rat abundances such as these do not necessarily reflect the 
underlying population trend. No discussion of sewer rodent surveys would be 
complete without mentioning Ashley’s (Ashley et a/2000) work on the United 
Kingdom Water Industry Research body’s study (UKWIR) on rats in Sewers. 
This study consisted of a comprehensive questionnaire to Local Authorities, 
Sewerage undertakers (The Water Industry) and Pest Control Contractors 
about defects linked to rat activity. The study dealt with complaints about rat 
activity, links between rat activity above ground and in the sewer network, 
baiting strategies, rodenticides and quantities used, resistance, bait 
presentation and location and the amount of rodent control work carried out. 
Ashley’s survey was the first to include a comprehensive approach to all those 
involved in rodent control in sewers and the fairly vigorous pursuit of the 
questionnaires ensured a very high response level. A variety of approaches to 
monitoring and control of rat populations were found from which a set of 
recommended practices were drawn and put to the water industry.
Davis (Davis 1953) discussed theoretical methods of estimating rat population 
size and rates of change of the rat population size. Rat population growth 
curves are influenced by physical habitat, environmental conditions, predation 
and competition. All these influence reproduction, mortality and movements, 
leading in some cases to a stabie popuiation size in a given habitat. He also 
discusses factors affecting changes in population sizes. Interestingly, he 
notes that the reduction in size of the rat population in Baltimore resulted from 
the lowering of the city’s ability to support rats through a program of housing 
rehabilitation. Later, he states that: “For the practical use of persons who 
desire to increase or decrease a pest, it is clear that managing the habitat is
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the proper procedure” Sadly, this very pertinent piece of advice is still largely 
ignored.
Burkey and Stenseth (Burkey & Stenseth 1994) looked at the populations of 
animal species in seasonal and patchy environments. Their paper presents a 
seasonal model of a population in which there are differences between 
individuals. Dominant individuals defend breeding/feeding territories and are 
always assumed to obtain sufficient resources during the summer. In the 
winter when there is no breeding there is no territorial defence and, as a 
result, no difference between individuals as far as availability of resources is 
concerned. During the summer there is contest competition, and during the 
winter there is scramble competition®^ They also studied the effect of varying 
the length of the winter and summer season reiative to each other, and 
varying the degree of patchiness in the distribution of food resources. Both 
longer winters and more patchily distributed resources decrease the stability 
of the population from year to year, causing it to exhibit cyclic behaviour of 
increasing lengths leading ultimately to chaotic population dynamics. Their 
work perhaps points to reasons why, where there is no stability in food and 
shelter resources, surface rodent numbers appear to remain low whereas in 
locations like farm buildings where there are animal husbandry operations or 
ricks®^ , larger rat populations can be sustained.
Leslie (Leslie et al 1952) presented information on the fertility and population 
structure of rat populations both in the laboratory and in the wild. They took 
information on the reproductive output in laboratory-reared rats, and used that
’ Under certain circumstances contest competition is more advantageous for a population while under other 
circumstances scramble competition is more advantageous. Henson & Cushing (1995).
Ricks, a  tenn used for thatched-roofed stacks of hay used for animal fodder. Now largely replaced in animal 
husbandry by silage, so less common.
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to determine the fertility and reproductive rate in wild rats. Whilst this 
information perhaps gives a sort of benchmark, there are many reasons why 
the use of laboratory studies might lead to an over estimate of wild rat 
population sizes. Laboratory rats are not for instance subject to predation, the 
extremes of weather, disease, competition for resources like mates and 
harbourage or the daily search for food.
For their experimental investigation, rats were trapped in corn-ricks and non- 
rick habitats (e.g. urban refuse dump, pig farms, farm buildings and country 
hedge-banks). It was found that the number of embryos in an individual 
female rat was positively correlated with the female’s body weight while 
heavier females were also significantly more likely to be pregnant. The 
average number of litters produced annually in the ricks was 4.8 while the 
maximum number of young was 44.2. The non-rick rats had a lower 
productivity with an average of 3.1 litters and a maximum of 31.8 young 
annually. It was suggested that the lower reproductivity in the non-rick 
habitats was the result of an impoverished diet (Leslie et al 1952).
In Britain it is believed that although rats can breed throughout the year, 
pregnant and nursing females are more common between January and June. 
This would agree with the findings of Leslie’s study where the highest 
reproduction rate occurred in April. While the rick females breed at a fairly 
high rate throughout the year, the non-rick females passed through a 
comparatively non-breeding phase in winter.
It was found that there was considerable agreement between the actual 
results and those expected from calculations based on laboratory data. 
Several assumptions were made, such as:(1) fertility and mortality is constant
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in the field, (2) data from rats in the laboratory can be extrapolated to the field, 
and (3) that females under 115g are immature. It is unlikely that all 
assumptions were fulfilled, and consequently not too much reliance should be 
placed upon the agreement between observed and expected results.
The rick environment might be compared with the sewer environment as both 
form relatively stable and un-predated environments for rats. It is therefore 
likely that the sewer system would also sustain breeding at a fairly similar rate 
throughout the year and may present favourable conditions for population 
growth. However the sewers do not present a homogenous environment for 
rats and optimum conditions may be very patchy as a result of high flows and 
restricted access to, or uneven distribution of resources (Burkey & Stenseth 
1994).
With regard to sewer rat popuiations, Barnet and Bathard (Barnet & Bathard 
1953) produced a study designed to find out what happened to the sewer rat 
populations in two districts of London after they had been reduced in numbers 
by poisoning. Each district had a maximum rat population represented by a 
census figure of about 10,000g of wheat eaten per day, corresponding to at 
least 400 rats. Poison treating after prebaiting, at intervals of 6 months, 
reduced the rat population of each district to iess than 10% of the maximum.
A rapid restoration of the population followed, and the level reached in 6 
months was near the maximum. In both areas, direct poisoning with Sodium 
monofluoroactetate (also known as “1080”) was as effective after a prebaiting 
treatment. Direct poisoning with zinc phosphide®® was relatively unsuccessful.
Rodenticides can be classed into two groups: anticoagulants (e.g. warfarin) and acute rodenticides (including zinc 
phosphide, strychnine and fluoroacetamide). The effectiveness of quick-acting acute rodenticides not only depends 
on physiological resistance to the poison, but also on behavioural resistance. Rats avoid new food and do not feed 
confidently for several days. If they get sub-lethal doses of poison as a consequence of eating insufficient bait, they
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When both areas received double treatments, consisting of direct poisoning 
with ‘1080’ following a baiting treatment, the estimated population of one 
district was reduced to about 3% of the maximum population size. In the other 
area, rain made the second poisoning ineffective by washing the bait away 
from the benching®' .^ The rate at which the population was restored from the 
3% level was even higher than the rates previously observed, and was 
probably too high to be accounted for solely by breeding with invasion from 
the surface playing a likely part (Barnet & Bathard, 1953). No relationship was 
found between the estimated sewer rat population densities within each 
district, and the known sites of surface infestation. Interestingly, in terms of 
comparison with the work presented in this thesis, the study areas were two 
blocks of 85 and 86 manholes each in residential areas. The maximum rat 
population was estimated to be about 400 in each area. Sadly, we do not 
know why these particular blocks were chosen and how representative they 
were of the area as a whole or the level of infestation as a whole. It is possible 
that they were chosen at random but equally, they could have been hotspots, 
chosen because large numbers of rats were known to be present.
Generally, apart from our own studies, few of the other investigations into rat 
population dynamics acknowledge the concept of a pre-breeding population 
size (PBB) with any consistency. While it is generally agreed that more young 
are born in the spring, the capacity for R. norvegicus to breed year-round is 
often cited. This either leads to the implicit assumption that the rats will breed 
up to the carrying capacity of the environment on a fairly constant basis or the 
question is ignored because the sampling is a snapshot performed when
will associate sickness with the bait and will subsequently avoid the bait. Despite attempts to increase feeding on the 
bait (i.e. by prebaiting and selecting specific poison concentrations) success is rarely 100%. Brunton et al(1993)
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other conveniences dictated this. Whether the sewer environment is so 
homogeneous that continuous breeding takes place is unknown. However, 
since it is known that the majority of rats produce their young in spring, it is 
prudent to make the assumption that there is a pre-breeding population and 
for the sake of both consistency and comparison with other population 
studies, to carry out sampling during the winter months.
1.3 Sewers
To understand the Interaction between rats and sewers, we need to have 
some understanding of the sewer’s history, evolution, form and function. 
Sewers have been in existence almost as long as people have lived in 
dwellings. In the UK, in the Orkney Islands, the dwellings at Skara Brae have 
been shown to contain constructed drainage systems that have been dated at 
about 3000 BC.
Skara Brae is composed of eight stone built houses connected by 
passageways roofed with turf. Each house is built to the same design; a 
central hearth with a stone dresser opposite the entrance, and beds to either 
side. The village was laid out with the individual family living quarters 
branching from a single, main passage. Anyone moving through the village 
had to follow this passage. The village also had a well-planned drainage 
system that was built into the structure. Houses may perhaps even have had 
toilets but it is difficult retrospectively to state categorically that a particular 
hole over a drain had that specific function. That said; the cavity itself was 
undoubtedly a drain or sewer.
^  Sometimes heavy rain can surcharge the sewers washing away rodent baits and interrupting control treatments. 
Meyer, A.N. Rat Control In Sewers MAFF Technical Bulletin No 10 undated.
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The Romans, some three thousand years later, left unequivocal evidence that 
they did have toilets and sewers. Their civilization was well known for its 
sanitation. Roman houses and streets also had toilets that were connected to 
sewers to transport the waste away. Other contemporary civilisations also 
used toilets but as the preserve of the rich. Toilets were therefore, essentially, 
a sign of wealth. By 315 AD, it is said that Rome as a city had 144 public 
toilets which were flushed clean by running water.
Pliny the Younger (Pliny 100 AD), the contemporary writer, wrote that many 
Romans believed that Rome's sewers were the city’s greatest achievement. 
Seven rivers were made to flow through the city’s main sewers (Cloaca 
maxima) and served to flush any sewage out of them. The importance of 
hygiene also extended as far as military hospitals that had drainage and 
sewage systems attached to them.
Pliny the Younger was personally responsible for the construction of 
some of the sewage systems as is evident from a quote from his 
letters: "Among the chief features of Amastris (a city which is well built 
and laid out) is a long street of great beauty. Throughout the length of 
this, however, there runs what is called a stream, but is in fact a filthy 
sewer, a disgusting eyesore which gives off a noxious stench. The 
health and appearance alike of the city will benefit if it is covered in, 
and with your permission this shall be done. I will see that money is not 
lacking for a large-scale work of such importance".
In Britain it was not until the late 18th century that much public consideration 
was given to sewerage. Construction of the modern sewerage networks 
began at that time. Prior to that, in London, sewage was largely emptied into
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the streets and left for the rain to wash away. Some of the original Roman 
sewers may have been functioning®® and there were new ones built from 
important buildings to the Thames such as the one at Hampton Court. King 
Henry VIII (1509-1547) issued a law requiring all householders to keep the 
sewerage ditches in front of their houses clear. However, since those charged 
with enforcing this law were unpaid, the law was rarely enforced. The ditches 
were meant to be flushed into the rivers whenever it rained and supposed to 
be dug out if it didn't rain for a while.
The original Walled City of London became too small to contain all of those 
who migrated to London and new areas became built up. In Elizabethan 
times, Southwark, originally a small village on the south side of the river 
became an important suburb and continued to grow rapidly as did other areas 
around the fringes of the city. The increase in river traffic created a ribbon of 
development along the Thames in both directions. Habitation also expanded 
out along the major roads. This growth happened despite outbreaks of plague 
occurring in 1603, 1633 and 1665, which caused high mortality.
South of the river, the built up areas also slowly spread along the routes into 
London. There were no pre-existing sewers in suburbs south of the river and 
sewage was dumped in the streets from where it eventually found its way into 
rivers such as the Wandle. North of the Thames, outside of the old city, a 
similar situation existed®®.
Whilst the outbreaks of plague declined® ,^ the presence of so much raw 
sewage on the surface started to contaminate the drinking water and
There is one Roman Sewer in Reigate still in use today. Private communication, Thames W ater 2002. 
http://www.millwall-historv.co.uk/Oriains-1,htm map shows urban spread, accessed 24th April 2007 
The last great outbreak of plague in the UK is listed as happening in 1666 http://www.dave- 
wraqa.staff.shef.ac.Uk/LOCHiST/epidems.htm#1800 accessed June 2004
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outbreaks of cholera became more prevalent. There were outbreaks of 
cholera in 1831, 1848-49 and finally in 1866.
It was cholera and not plague, which drove the Victorians to build a sewer 
network capable of transporting away the sewage from the growing city on 
both sides of the Thames. Although Appleby (Appleby 1980) and Slack (Slack 
1981 ) both noted that R. rattus was displaced by R. norvegicus, and that R. 
norvegicus preferred to live in burrows and sewers rather than houses, there 
is a long period between the arrival of R. norvegicus and the building of the 
sewer network confirming that R.norvegicus was and is, not confined to living 
in the sewers. It is true that, following the "Great Fire of London" (1666) much 
of the city was rebuilt to a higher standard with well laid out streets and better 
built housing but this standard did not extend far beyond its walls. Most of the 
new suburbs were built to no standard or plan and simply grew higgledy- 
piggledy as trade or migration dictated. In these areas, the combination of low 
standard housing, filth and refuse would provide ideal foraging and breeding 
areas for rats. The idea therefore that housing and sanitation alone could 
account for the growth or decline of the plague is questionable.
In 1859 Bazalgette began work on building a system of sewers for the whole 
city but it was not complete till 1875®®. After that, deaths from disease, 
particularly cholera fell markedly.
Bazalgette.
Sir Joseph Bazalgette, (1819-1891), was born at Enfield on the 28th of March 1819.
He is best known for the engineering works he carried out in London for the construction of the main drainage system 
and the Thames embankment. He was appointed the Chief Engineer of the Metropolitan Board of Works, which 
replaced the Municipal Boards and Commissions which had formerly been responsible for different parts of London. 
His appointment came after a cholera epidemic had killed over 10,000 people in central London. He produced plans 
for main interceptor sewers, but the work was delayed by official obstruction and formality until 1858 when the "Great 
Stink" forced the issue. The cost was £4,600,000. The Victorian sewage system of London consisted of 83 miles of 
brick-built sewers to intercept sewage outflows, and 1100 miles of street sewers, to prevent raw sewage running into 
the river.
The sewage system had major pumping stations at Deptford and at Crossness on the Erith marshes, both on the 
south side of the Thames, and at Abbey Mills on the River Lea valley and on the Thames Embankment north side of 
the Thames. Outfalls at Becton on the north side and Crossness on the south side of the Thames.
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There is a suggestion that it is the crumbling Victorian Sewers built by 
Bazalgette that provide the harbourage for today’s rats (Battersby 2003). 
CCTV surveys of sewers, however, suggests that this view is incorrect and 
that nearly all of the Victorian sewers are sound and, further, that Victorian 
engineering was of high quality and used high-quality materials®®. This said, 
there have been many additions and repairs to the sewer network built by the 
Victorians, some of which are Indeed of poor quality especially those carried 
out in the late 1940s to mid 1950 to repair war damage. As a percentage of 
length, the Victorian pipes now amount to less than 1% of the total length of 
sewage network in Greater London'^ ®.
The original system was designed to cope with up to 6.5mm (1/4") of rain 
falling in its catchment area"^\ The London it was designed for had a lot 
smaller population than today’s population"^ .^ The consequences of the 
continued growth of the human population of London meant that the carrying 
capacity of the sewage system that was built in the past has been put under 
pressure. When there is a storm with a high level of rainfall in a short period of 
time, London’s sewers are unable to cope with the large amount of rainwater 
entering the system and the capacity of the treatment stations is overwhelmed 
by the sheer volume of water. The rainwater mixes with foul sewage and, 
when the treatment system cannot cope, Thames Water discharges the
He was knighted for his efforts and died on the 15th of March 1891 at Wimbledon. In 1865 the system was formally 
opened. It consisted of 83 miles of large intercepting sewers, draining more than 100 square miles of buildings, and 
was designed to deal with 420 million galions of sewage. From Halliday “The Great Stink of London" 1999
Private communication Don Ridger Thames W ater 2001 after work done on verminsewerscore data.
Private communication Thames W ater 2001.
“He designed the system to cope with %" of rain falling during six daytime hours of maximum sewage flow, a larger 
volume being accommodated when there was less sewage flowing"..."However as Bazalguette also observed in his 
1865 paper to the institution of Civil Engineers, violent rainstorms can occur in which as much as 2" of rain can fall in 
an hour. It would have been impractical to build sewers with capacity to handle these exceptional flows, which, he 
estimated, would occur on a maximum of 12 days per year. He therefore constructed: overflow weirs, to act as safety
valves in times of storms on such occasions the surplus waters will be largely diluted, and, after the Intercepting
sewers are filled, will flow over the weirs, and through their original channels into the Thames." ICE, Minutes of 
proceedings (1864-5), vol 24, pp. 292-3.
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excess mixed water into the Thames. If this does not happen fast enough, 
localised flooding occurs. This can mean that areas of streets can become 
flooded with a mixture of water and sewage, causing a health risk. The need 
for increasing the carrying capacity of London’s sewer system has been 
debated for a number of years"^ "^ .
The organic growth of the suburbs since Balzalgette’s original work has led to 
an increasing strain being put on the original system’s capacity to carry waste. 
Much of what has been added has been done in a piecemeal way and some 
of that which has become disused either through bomb damage from World 
War 2^ ® or from re-development that has created opportunities for rats to live 
in^ ®.
1.4 Rats and Sewers
At the commencement of this research, the consensus was (and in the 
public’s and media’s mind still is"^ )^ that there were large numbers of rats living 
and breeding in the sewers and waiting to burst out at any moment spreading
“He allowed for a population of 3450000 of which 2/3 would be north of the river and 1/3 south. About 25% more 
than the population at the time he designed the system. Metropolitan board of works Printed Papers, voH no 10, 
Metropolitan Archives from "The Great Stink of London" Stephen Halliday 1999.
Thames Water pointed out that typically, sewers are designed on what are called 'storm return periods' to 
accommodate a certain level of rainfall and it typically varies between one in ten year severity of storm and one in 
thirty year severity of storm. With the recent changes in the weather patterns, if a one in thirty year severity of storm 
occurs more often, the sewer system will not be adequate and there will be a risk of sewer flooding more 
often. http://www.london.aov.ut^assemblv/reports/Dubserv/water.rtf accessed April 2007
The Thames Tideway Strategy Group, comprising representatives from Thames Water, the Environment Agency 
(EA), Ofwat (The economic regulator for the water and sewerage industry in England and Wales), the Department for 
the Environment, Food and Rural Affairs (DEFRA) and the Greater London Authority (GLA), was set up in 2000 to 
assess the environmental impact of these Combined Sewer Overflows (CSOs), to identify objectives for improvement 
and to prepare potential solution having regard to cost. This Group published and circulated its report to DEFRA and 
Ofwat in February 2005. The preferred option identified by the Steering Group is Option - A (Refined) and would 
involve the construction of a 34.5km (21.5 mile) long storage and transfer tunnel running mainly beneath the River 
Thames from Hammersmith in west London to intercept and carry the discharges from the 36 unsatisfactory CSOs to 
the Crossness Sewage Treatment Works for collection and treatment. The main tunnel would 7.2m in diameter. Two 
further link tunnels would also be constructed: a 4.5 km tunnel, 5m in diameter, from the Abbey Mills Pumping Station 
and a 1.1km tunnel, 3m in diameter, from the BecKton STW. 
http://www.thamesweb.com/paae.php7paae id=76&topic id=2 April 2007
‘*®http://www.thamesweb.com/dev/documents/guldance/clean_waters.pdf accessed April 2007
Burgess Park was one such problem location http://www.gardenvisit.com/landscape/london/lguide/burgess-park- 
london.htm
BBC News Online UK 'Crumbling sewers' spark rats boom Thursday, August 13 ,1998 Published at 06:50 GMT 
07:50 UK://news.bbc.co.uk/1/hi/uk/150160.stm accessed April 07http
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disease amongst the human population'^® ®°. There were occasional papers 
published on sewer rodents but the studies were all done in different areas, 
often at different times of the year using quite small samples. The following 
studies illustrate the problem.
Higgins (Higgins 1997) presented the CIEH (Chartered Institute of 
Environmental Health) recommendations on rodent control policies following 
the 1992 National Rodent Survey. The CIEH's (1989) report indicated that 
incidences of complaints concerning rats had grown by 20% from the previous 
year. This report led to the National Rodent Survey, which found that 4.8% of 
properties were infested by rats, compared with 4.4% rat infestations in the 
1970s. They recommended that clear government policies should be 
produced and that the activities of those involved in pest control should be co­
ordinated to ensure consistency and co-operation. Higgins (Higgins 1997) 
proposed that a programme of research should be formulated to underpin 
national, regional and local policies and strategies on rodent control. The 
Water Services Association should, he thought, develop a comprehensive and 
co-ordinated policy on funding of pro-active sewer baiting programmes and 
encourage sewer maintenance. The assumption in this report was that the 
increase in rat complaints was, for a iarge part, a sewer related problem. 
However, there was little evidence put forward to substantiate this.
Meyer and Drummond (Meyer & Drummond 1980) looked into the cost 
effectiveness of a rodent control scheme embarked on by the London 
borough of Lambeth. They paid particular attention to house mice populations
“An estimated 60 million Brown Rats now inhabit our sewers, cities and waterways" Daily Mail, Jan 22, 2003.
“If there’s a rat infestation its ten to one there’s a drainage problem nearby that’s allowed them to escape" Evening 
Standard March 20*'’ 2002
“The Rat Rampage. There are 60m in the sewers and our litter is luring them out" Daily Mail August 2*’*' 2002.
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although reference was also made to rats. Their proposed new control 
strategy, in addition to dealing with public notification, consisted of three 
periodic surveys of all premises and eradication of all rodent infestation by 
periodic block control with warfarin. In an experiment they treated all sewer 
manholes with warfarin and drainage defects were repaired. To evaluate the 
efficiency of the control scheme an untreated area was also monitored. They 
found that rat infestations were closely associated with the presence of 
drainage defects and the repair of the defects markedly reduced rat 
infestations. The block control procedure resulted in a decrease of mice 
populations by 91% and rats by 96%. From this work, the inference that rats 
and drainage problems went hand in hand was further reinforced.
This type of research was used to support and drive policy with regard to 
rodent control. Furthermore policy was also driven by data gathered from 
surface populations and complaints. There was not expressed, at the time, 
any doubt as to whether surface based research could properly transfer to the 
sewer situation. What was really needed, to drive policy on sewer rat control, 
was consistent sewer based work based upon a larger sample size taken in 
the same area year after year so that population trends could be monitored.
In order to find out what the true rat population size and rat population 
dynamics were in sewer systems a long-term study was needed.
I approached Thames Water with a proposal to use data we (Microbee) had 
collected in the course of sewer rodent control and it was from this data that 
my research was born.
Johann Hah: The real reason there are more rats than e v e r. The Independent 30"’ April 2007 
http://comment.independent.co.uk/columnlsts a l/iohann hari/article2134873.ece accessed April 2007
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1.5 Historical overview of my research work
The research that is presented in this thesis was not necessarily produced in 
the sequence that it is presented in. Neither is it a complete survey of my 
published work. The studies presented are those published within the period 
of my PhD registration, according to the University of Surrey rules for a 
degree of this type by “publication”. The method of presentation selected is 
intended to place each research article in a contextual framework. Studies of 
this scale are impossible to conduct without assistance. They are presented 
here as my own even though others were involved in and contributed to the 
data-collection, analysis and publication. Mine was the guiding hand and mind 
behind these works and whilst the co-authors are not mentioned in the 
chapters here, they are in the acknowledgements, bibliography and also in the 
published works themselves.
My company. Microbee Limited, has carried out a large number of sewer 
rodent related research projects for Thames Water. Where there were no 
commercial issues and the work was considered to be of wider scientific 
interest, Thames Water permitted publication. Whilst they paid for the 
research, they have never exercised any form of editorial control over the 
results. Part of their rationale of having an independent company carrying out 
the research was the concern that any in-house work they produced and 
published might be repudiated as biased. It needs to be borne in mind that 
there were and are political and financial aspects to sewer rodent control and 
that parties that have an interest in this field may not necessarily be as 
scientific or dispassionate as they might be expected to be, perhaps favouring 
their own interest above the common good.
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From the records and from earlier research (Barnet & Bathard 1953), it 
appeared that there had indeed been a high population of sewer rats following 
the large areas of London housing damaged in WW2. However, the sewers 
had been subject to annual poison baiting almost every year since and from 
the information I was recording, it appeared that the rat populations were in 
decline, certainly a lot less than at the time of Barnet and Bathard’s study in 
1953.
Working on the hypothesis that sewer rat populations were changeable and 
not static, I collected together thirteen years of records for sewer rat 
infestations for one London borough, Enfield, and through statistical analysis 
confirmed that the population was declining over time.
Around 1999, partly in response to public and media concerns, the UK Water 
Industry Research body (UKWIR) commissioned a research project on “Rats 
in Sewers" which was awarded to the University of Abertay (Dundee). Whilst 
they had the resources to carry out a survey of Water Industry approaches to 
rodent problems, they were unable to carry out the practical side of the project 
since they did not have either access to a large sewer network or the skilled 
manpower to carry out practical work. They approached Thames Water who 
recommended my company’s (Microbee Ltd) services since, through 
Microbee; I had already done a good deal of rat research work for Thames 
Water including the Long Term study (above).
To find out for the UKWIR study how rats behaved within the sewer network, 
we designed and built a sequestered sewer system, described later in this text 
(Chapter 2). This sequestered system has been used as a model several
52
times subsequently to covertly observe different aspects of rat behaviour in 
sewers.
For the UKWIR bait preference study, we tested the palatability of various bait 
bases in the sewer network around London as well as observing rats feeding 
and social behaviour within the sequestered system. Ashley published the 
UKWIR work as "Rodent Control in Sewers” (Ashley et al 2000).
At the time, the consensus amongst Environmental Health Officers was that 
the rats in the sewerage system were more or less sealed in by the use of 
water traps and interceptors and could only escape the system where poor 
maintenance or breakage was an issue (Battersbyl 997). It was held that the 
surface and subterranean populations were separate and largely unrelated. 
This enabled some to argue that most rodent outbreaks were the fault of poor 
maintenance on the part of the water company and should be remedied at 
their expense (Battersbyl 997).
The question of the effectiveness of sewer baiting had been very much in the 
public health agenda for a long time. Various observers had noted how 
quickly rodent populations recovered and how hard it was to achieve 
elimination (Bentley 1960). The popular view that the system was overrun 
with rats remained. There was strong pressure on the Water Industry to spend 
more on rat control.
As will be seen later, many of these misconceptions about sewer rats emerge 
in the papers of researchers in the field. The lack of hard data forces 
scientists and others to estimate rat numbers where they cannot research 
them. Workers in the public health field act upon these estimates leading to
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a potential waste of resources if their spending is based upon inaccurate 
numbers.
The studies covered in this thesis.
The studies presented here come from a number of published studies carried 
out over the last ten years. There were a number of criteria for which works 
could be included, the main one being that they were all published in a peer- 
reviewed scientific journal. There are other studies of mine cited in the text 
and mentioned in the bibliography that are not included because whilst they 
corroborate or extend many of the findings, they either do not add sufficiently 
to this work to make the inclusion worthwhile or were published after the 
timeframe included in the PhD registration.
1.6 Aims
This study aimed to:
(1) Establish if rodent populations in sewers are separate from surface ones 
(Interceptor study; Chapter 3)
(2) Investigate the numbers and distribution of rats in sewers (Preferred 
Location study / Long-term study / Hot spot study: Chapters 6 & 7)
(3) Identify behaviours that might affect rat numbers and evaluation of control 
measures (Bait trial; Chapters 3, 4 & 5).
To achieve these aims sewer rat populations were monitored in areas of the 
London sewerage system. More detailed studies on rat behaviour were 
carried out in sequestered sewer systems.
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Chapter 2 
2.1 Materials and Methods
2.1.1 Sequestered Sewer Systems
MacDonald and Fenn (1994) note that in one survey of the Science Citation 
index between 1986 and 1998 there were 23,700 publications on rats with 
less than 12 of these on wild rats and only a few of those studied in the wild. 
There was not really any established precedent for the studies I was 
undertaking of rat behaviour in sewers. The aim of these studies was to try 
and establish whether rats were capable of specific behaviours within a sewer 
system and what sort of general behaviours they exhibited. Specifically, I was 
looking at whether they could negotiate the water traps in interceptors and 
how long it took them to respond to and consume introduced items like sewer 
baits. A number of experiments were devised, the common methodology for 
which are discussed here.
The idea of using a sequestered sewer system for studying rat behaviour was 
developed through force of circumstances when permission to use an area of 
ground at a sewage works for an experimental plot was opposed by the Trade 
Union at the site. The union felt that studying the rats there might expose their 
members to unacceptable disease risks.
I realised that, from the rat’s perspective, the insides of the pipes were all that 
they would see and that the angle of the connecting bends, whether it be 45°, 
90° or 180° was immaterial to them.
This enabled the possibility of folding up an extended system into something 
that was more three-dimensionally compact.
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Once this conceptual move was made, other advantages became apparent 
too. It was possible to monitor and manage temperature, adjust water flows 
and add or remove components in a way that would have been expensive and 
difficult with a buried system.
There were also fewer problems to resolve with personnel, equipment security 
and Health and Safety considerations.
The construction of modern sewers is largely component driven. They are 
assembled from a selection of pipes, bends, gulleys etc in varying sizes as 
the designer or contractor requires.
The sewer rat only experiences the insides of the various pipes and 
manholes. Whether there is soil or air outside is immaterial provided the 
temperature doesn’t vary. By constructing an artificial sewer pipe network, 
connected to, but sequestered from the main network, it is possible to 
realistically model normal sewer conditions, albeit smaller sized. The addition 
of infra-red cameras allowed the behaviour of rats within the system to be 
covertly observed. Since the model can be changed to represent different 
locations or conditions, it is very flexible and lends itself to the testing of a 
variety of hypotheses.
Sequestered sewer systems were used to monitor sewer rodent activity in a 
number of studies by myself. They allowed the possibility of both flexibility 
and multiple replication of a set of conditions. Circumstances which would not 
perhaps occur in the sewerage network but which are necessary from a 
scientific perspective in order to ensure that behaviours observed did not 
occur by chance.
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In order to control as many variables as possible, a series of identical 
replications were constructed in controlled conditions and connected to the 
main sewerage network but with a device that prevented the rats from exiting 
the observation area. Once the sequestered system was set up, rats trapped 
In other parts of the sewer network can be released into it and observed using 
infrared cameras.
From a construction point of view, we had a lot of advice and input from 
Thames Water’s engineers and spent some time at the Hogsmill sewage 
works discussing “Tidal Flows”, periods of high and low sewage load in the 
sewer network.
Figure 1 : A sequestered system designed for carrying out the experimental work on the 
UKWIR study showing how an extended system was packed into a small laboratory space.
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The sequestered sewer produced for the UKWIR study was the first 
constructed and it was from the construction and operation of this that I 
realised that identical twin or multiple installations could be produced to test 
other hypotheses in a way that matched many laboratory Rodent experiments 
quite closely.
The issue of whether and what type of experimental license might be required 
since Rats were involved was raised. We did consult the Home Office 
authorities responsible for issuing licenses to experiment on rodents under the 
Animals (Scientific Procedures) Act 1986 and were told that, since we were 
merely manipulating natural conditions and observing the effects, no license 
was necessary.
2.1.2 Construction
Figure 2 A section of sequestered system showing key components with manholes at the 
top and the angles of the crossing pipes used to maintain gravitational flow.
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Construction consists of a welded angle iron frame (50 x 50 x 5 mm) in a 
ladder formation with a series of drilled transoms at 200mm intervals. Through 
the drill holes are suspended 6mm threaded rods. Further transoms are 
located between pairs of these rods, moved and adjusted for position by 
means of 6mm wing nuts. A typical example can be seen in the middle of the 
above picture.
A sump-pump and sections of hose are used to re-circulate water from the 
sump to various high and mid-level gulleys to ensure water flow increases to 
match "Tidal Flow”®^ at the designed times. The pump is attached to a timer to 
facilitate this.
Just visible in the top of the picture is a copper water pipe. This is attached to 
a series of taps, connected to hoses let into the grids covering the top gulleys. 
From these hoses, a small trickle of water could be constantly run into the top 
of the system through each gulley to mimic the usual damp conditions created 
by sewage discharging from domestic properties.
The small manholes, (black in the picture) would be found directly outside a 
domestic property. Feeding into them would be one or more gulleys 
incorporating a water trap from toilets, sinks, washbasins, baths etc.
Leading out from these small manholes, the brown pipe carries the waste to a 
larger manhole, which collects the output of several smaller ones.
The volume of sewage flowing through the sewerage network varies during the day. The greatest volume occurs in 
the morning between 0700 and 0900 GMT when Londoners wake up, wash and go to work. A second large flow 
resulting from domestic activity occurs between 1600 and 2000 hours when they return home in the evening. These 
peaks are referred to by those working in the industry as “Tides" or “Tidal Flows” even though it has nothing to do 
with the moon or real tides. Information supplied by Thames Water Engineers at Hogsmill sewage works.
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This in turn, if a Section 24 sewer°^ were being emulated would connect to a 
further manhole collecting the output of other houses before connecting to a 
main sewer, possible via a manhole in the street. In the sequestered system, 
a sump stands between the sequestered system and the main sewer.
We needed a reservoir of water to draw upon to create “Tidal Flow" conditions 
and the opportunity was there to re-cycle water that had already gone through 
the system.
The sump also contained particles of food, mostly grain that, on being caught 
up in the re-circulation, offered additional feeding opportunities as well as 
simulating the natural route of food supply for the occupants® .^
If a 'private' sewer to several properties was built before October 1937 then it may also be the responsibility of The 
W ater Authority (now Sewerage Undertaker) under the provisions of Section 24, of the Public Health Act 1936. Such 
"Section 24” sewers were problematic in terms of ownership and responsibility for maintenance for many years and 
because of this were often the cause of disputes. The presence of rats in them was one such cause.
^  There is a greater exploration of what rats eat in sewers in chapter five.
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Figure 3 A picture of a sump tank. The red artefact is a float switch that will trigger off a 
trash pump^ connected to one of the green hoses if the level drops too low. The grey pipe 
takes overflows if the level rises too high. There are some grains floating on the surface.
Built into the exit to this sump is a weldmesh grid to ensure that the rats 
cannot escape from the observation section once introduced to the 
sequestered network. It is this arrangement, isolating the experimental section 
from the public sewer network that sequesters the experimental section, 
hence the name. Sequestered sewers have to have a fall built into them to 
ensure that the water flows gravitationally through the network. Moving the 
supporting transoms up and down can vary the pipe angle.
Also in the picture can be seen some thin white cables.
These are attached to Infra-red cameras mounted in black plastic containers.
A “Trash Pump' is one that can operate moving water containing small solids without being damaged.
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Figure 4 The black device in the centre is the camera and lens^®. Also mounted on the 
circuit board are six infra-red light emitting diodes (LED's) the upper three are the most visible 
here. The shiny substance behind the circuit board is a form of "bubble wrap" which insulates 
both electrically and thermally preventing condensation. The wires lead to a connection plug 
and, ultimately, the Multiplexer.
The cameras (figure 4) are mounted over a glass plate set on the lid of the 
manhole and masked so that no daylight enters the manhole. The glass is 
sealed with silicone mastic. Originally, cameras were mounted inside the 
manhole under the lid but the high humidity had a rapid and deleterious effect 
upon their operation and they quickly started to malfunction.
HQ Camera B/W Infra-red supplied by Maplin Electronics UK.
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Figure 5 A camera unit mounted above a glass plate sealed onto a manhole cover with 
silicone sealant. The glass is masked with paint except where the camera housing locates.
The camera looks down into the manhole (figure 5) and depending on the 
aperture size of the lense, the field of view covers the whole of the floor space 
of the manhole (figure 6). These plastic manholes were painted white inside to 
reflect the IR light better and to match better the colour of the cement in the 
base of street manholes. The paint sometimes wore off with use.
Camera cables and flexible pump hoses were secured to the system with duct 
tape to allow easy re-positioning.
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Figure 6 A view into a small manhole showing a weldmesh grid blocking off an entry pipe 
and assorted rat droppings. The bright white at the junction of the three channels is reflected 
light from the camera’s Infra Red light emitting diodes. The water exits to the right.
The cameras in turn are connected to a Tecton Miniplex 17+ multiplexer^®. 
This is a device from the Security Industry for monitoring and recording 
activity from a number of security cameras in parallel at the same time. It does 
this by assigning a different input name to each camera and by interleaving 
the recorded frames on a VMS tape in such a way as to be able to time and 
date stamp them and to be able to retrieve and replay any or all of them when 
required by displaying up to twelve inputs onto one screen.
The Multiplexer was attached to a Mitsubishi video recorder® ,^ which had the 
facility to allow slow or frame-by-frame viewing of the tape (figure 7).
‘ Tecton Limited. Fishers Pond, Eastleigh, 8 0 5 0  7HG, Great Britain 01703 695858 
Mitsubishi HS7424 24 Hour Time-lapse
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Twelve or twenty four-hour tapes could be inserted and continuous records 
made of all activity in all manholes through the entire experimental period. 
Once the experiment was over, the tapes could be reviewed and notable 
activities could be identified. These then were transcribed to an Excel 
spreadsheet for later analysis.
2.1.3 Daily Operation Routine
This varied slightly from one experiment to the next but was commonly as 
follows:
Visual Inspection of all parts of the sequestered system to check for leaks of 
water and escapes of rats.
Recording of air and water temperatures to ensure that they were similar to 
those found in sewers (19-22 *^ C)®°.
Visual Inspection of live picture data from the multiplexer to ensure that all the 
cameras were working and that the rats were in good health Insofar as they 
were feeding and acting normally
Introduction of a measured amount of fresh grain into the sump from where it 
would be circulated through the system by the pumps replicating tidal flows. A 
proportion of this was always washed away. It was necessary to replace that 
lost through flowing out of the sump into the main sewerage network.
Brief functions check of circulation pumps and timers.
Check exit from sump unobstructed.
Ejection and replacement of the videotape from the video recorder and 
labelling of the time, date and start and finish numbers for the previous period.
Source: Thames W ater Engineers Hogsmill.
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Brief check of the tape in a second machine attached to a second multiplexer 
to ensure that viable picture data had been recorded for all cameras.
Entering up of the preceding information into the experimental log recording 
also who carried out the checks and any other events of note.
2.1.4 Information Capture
The tape would be placed in a second videocassette recorder, connected 
through another identical multiplexer to a TV screen all on the desktop with a 
computer with an excel spreadsheet open beside it.
The video recorder had a knob on the right hand side, which could be used to 
rapidly search backwards, and forwards through the tape.
We had one multiplexer and tape machine set up to do all the recording, an 
identical set up to do the playback and data capture and a third set in the 
event that either of the operational machines broke down.
Tapes used were Fuji super SHG hi-fi extra long or similar and the machines 
were set up with a frame capture rate which enabled 24hrs of continuous 
recording per tape.
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Figure 7 The recording machine set-up. The monitor screen allows viewing of the live 
pictures. The video recorder is sitting underneath it. On the shelf below is the multiplexer with 
a numbered button for each input channel. On the shelf below that are the power supply 
transformers for each of the cameras.
Tapes were labelled with the tape number in sequence, the date, the time 
started and the time finished. The same information was recorded on the tape 
sleeve and the tape back.
The power supply was surge protected for both the recording equipment and 
the cameras. If there was a failure in any component resulting in an 
interruption in recording or information from a camera, the experiment had to 
be run again.
The raw data was taken in two stages.
Firstly the resulting tapes were given a coarse viewing. All of the camera 
pictures were displayed on screen simultaneously (figure 8) and the viewer
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would stop the tape and record the camera number and tape counter number 
every time
Figure 8 The data capture set-up. On the screen can be seen images from 5 manholes 
although there are more. When an interesting activity is noted, the view for that manhole can 
be switched to full-screen and the tape stepped backwards and forwards to observe it. The 
superscript with the name of each camera can just be seen onscreen in the upper left part of 
each picture in black.
that they saw any rat activity on to a paper note pad. Since this was relatively 
non-skilled work, students were engaged to do it. Even with a fast-forward 
facility enabling speedy transition from one observed activity to the next, with 
a number of rats in the system it could still take several days to review each 
tape for sections of activities of interest.
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Once this was done, the tapes could be re-visited and each sequence of 
interesting activity re-examined. Notes would be made of the entry and exit 
pipes, feeding, greeting, fighting and breeding behaviour as well as sleeping 
and grooming.
Key activities could be examined frame-by-frame and discussed.
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Figure 9 The spreadsheet was set up with a grid which showed the tape id, date, counter 
number, time, event, manhole codes and event description along the top and date and time of 
events down the side. X marks an entry of a rat into a manhole.
This data was then entered onto an Excel spreadsheet as illustrated (figure 
9). From this, numerical data could be abstracted for statistical analysis. 
Typically, the following would be noted:
2.1.5 Items Recorded for Data Capture®^
1) Group Activity
a) Fights
This section describes the common features of a sequestered system set up used for several experiments. Since 
different behaviours were being observed in each. This list includes all activities that were being observed.
69
b) Group Sleeping (2,3 Rats Together In One Manhole)
c) Eating
I) Group eating
ii) Another Rat entering and eating
2) Individual Activity
a) Death
b) Nest Building
c) Grooming
d) Sleeping
e) Sex/mounting activity
f) Bait/food Taken
i) Date
ii) Time
iii) Number of Rats taking Bait/food 
Exact Activity during the time when bait is taken.
Robitaille and Bovet 1976 list the following dominance activities observed
amongst wild Norway rats some of which we selected.:
1. Heedfulness: rats stand motionless staring at each other, may be a 
challenge. Threat displays (these are rare, may occur during heedfulness):
2. Teeth gnashing (Not really observable in our system)
3. Hair bristling (Not really observable in our system due to black and white 
camera limitations )
4. Back arching
5. Foot-drumming (We did not have sound in our system and the frame 
capture rate made rapid movements difficult to track)
6. Backward earth-throwing with the hind feet
7. Advance then retreat backwards a few steps
8. Attack: swift run toward another rat: rats rear up and push each other with 
their fore paws jump fight: both rats jump toward each other with their four 
limbs thrown forward wrestling: rats grasp each other and roli rapidly 
around on the ground, frequently screaming retreat.
9. Withdrawal of loser. Includes:
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10. Flight: loser runs away with no further participation by the winner
11. Pursuit: winner chases the loser
12. Escape jump: forward jump by loser to exit from a wrestling ball, or when 
touched on the rump by the pursuer
2.1.6 Trapping Sewer Rats
It was important to use sewer rats for these experiments since they may have 
had experiences and learned behaviours unknown to laboratory strains.
Boice (1977) amongst others shows that there are some innate behaviours in 
Laboratory rats and, given the right conditions, they can develop them. 
However, there Is a difference between having the capacity to learn and 
having had the learning experiences from birth. I needed to know what rats in 
sewers did do rather than what the species in general could do.
As I show in other work (Channon et al 2006), rats are not evenly distributed 
throughout the sewer network and some areas don't have any at all.
The solution was to live trap rats in manholes in infested areas and to release 
them into the sequestered system. Thames water was contacted for 
information on areas with reported problems. We sent teams of technicians 
out to these to place baited live-capture traps in the sewers (figure 10).
These traps are cages with two compartments. The outer compartment has a 
funnel entrance and the inner a counterweighted door.
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Figure 10 A sewer rat inside a multi-catch trap waiting for transfer.
Traps were placed on the benching of manholes in locations with reported 
sewer rat problems.®® The traps were attached to the top rung of the manhole 
with lengths of string. They were checked twice daily and, when occupied by 
rats were brought in to the sequestered system and processed straight away 
to reduce any stress. Enough rats were trapped to enable us to match them 
by size and sex for each experiment®^
Processing consisted of sexing the rat whilst still in the trap by observation of 
its genitalia. The rat was then transferred to a transfer cage. This consisted of 
a box with a circular hole in one end the same diameter as a sewer pipe, a 
mesh lid and a carrying handle. By covering the mesh lid, the transfer box 
looked dark and when placed quickly up to the opened door of the trap, the rat
Reported to Thames Water by the Local Authority
72
was easily persuaded to run into the dark. The transfer box was then offered 
up to a blank manhole entry, the covering removed from the mesh allowing 
light in and again, it would quickly run into the dark of the sequestered 
network where it could be shut in by replacing the blank plug. The traps and 
transfer box were sterilised after every use to prevent the risk of Leptospiral 
jaundice and sewage related infections to the experimenter. The experience 
of being caught and released could possibly stressful for the rat and so a 
period of acclimatisation was always allowed before observations were 
begun.
At the end of each experiment, the rats were left to live out their natural span®^  
within the sequestered system although we prevented breeding from taking 
place after the end of the experiment by segregating the sexes. Continued 
observations were made and the maintenance regimes were followed but 
recording was discontinued. The oldest survivor lived on for four months.
2.1.7 Hygiene
For Operational and Health and Safety reasons, a decision was taken early 
not to use raw sewage in the sequestered system. We would have had to 
transport It from the sewage treatment works in barrels and it was felt that the 
health risks and inconvenience outweighed the possible benefits®®. There was 
also some doubt, after discussion with engineers about whether the majority 
of the food particles might come from undigested food in the faeces in sewage 
or from sink-washings in “Grey" water. It was felt, on balance that there were 
likely to be more regular food opportunities in the latter than the former 
although these notably often contain undigested tomato seeds and sweet corn
See chapters 3,4 & 5 for individual experimental descriptions. 
95% of wild rats die before their first birthday Davis (1948)
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hulls®"^ . The Grey water was made by adding a freshwater trickle input at the 
top of each system, which, after washing through the system ended up in the 
sump. The sump contained small amounts of grain as well as the washed 
through faeces of the rats and food debris. The grain was added daily in 
measured amounts and proceeded to wash through the system with some 
exiting through the overflow from the sump along with surplus grey water. The 
recirculation pumps moved water from the sump to further up the system 
during peak flows to emulate the effects of tidal flow. The grain carried with 
this providing further feeding opportunities for the rats. The constant addition 
of a trickle of fresh water kept the whole system reasonably fresh and smells 
within the bounds of tolerance. The air was sniffed each morning as a part of 
the daily checks.
Maintenance, feeding and cleaning required strict hygiene measures to 
prevent the transmission of disease. All operations requiring the handling of 
live catch traps and rat transfer cages required double disposable rubber 
gloves, overalls and face shields. Equipment was sterilised with a combined 
bactericide and virucide between uses. Test rigs were disassembled, cleaned, 
sterilised and stored. New ones being assembled from the components when 
required.
2.1.8 Habitat Matching
How closely does a sequestered sewer, or any other section of sewer for that 
matter, match a rat’s natural excavations?
“  h ttp ://w w w .h s e .g o v .u k /p u b n s /in d g l9 8 .h tm  checked April 2007.
“  Discussion with engineers, personal inspection and observation of “Tailings" at Beddington Lane Treatment Works.
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Calhoun (1962) observed and measured their natural tunnelling excavations 
in a pen and came up with the following averages:
• Average number of tunnel segments: 16
• Average number of exits: 6.8
• Average number of chambers: 4.5
• Average number of adult rats: 5.5
The sequestered systems used similar numbers of chambers and segments 
in their design. The number of potential exits were similar but they were 
blocked to prevent escape. The number of rats varied from one experiment to 
another.
From this we can see that there isn’t a great deal of difference between the 
number of chambers, connecting pipes entrances and exits and occupants 
between what they would naturally choose and what they encountered in the 
sequestered systems we observed them in.
This close match between the design of sections of the sewer network and 
the situation that rats would normally construct for themselves helps to 
account for some of the reasons why rats seem to take to living In sewers so 
readily.
Boice (Boice 1977) found that a good deal of the rat behaviour with regard to 
burrows was inherited. Burrows dug by albino rats were compared with those 
of wild Norway rats in an outdoor pen and in observation chambers in the 
laboratory. These burrows were indistinguishable between wild and domestic 
rats. Burrowing for both wild and domestic rats was unaffected by raising in
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outdoor burrows, by availability of nesting material, or by pregnancy. There 
was a learning component and previous experience in burrowing did make it 
more efficient in a second trial, which suggests that learning may have a 
limited role in what appears to be behaviour with a strong genetic basis. This 
work supports the view that keeping sewer rats in an environment that they 
have voluntarily elected to live in is not against their natural instincts.
There is a behaviour observed in caged laboratory rats called “Stereotypies”®® 
which is a form of repetitive behaviour. The cause of this is thought to be due 
to living in an environment lacking in stimulation. Galef (Galef 1999) makes 
the case for environmental enrichment for laboratory animals. “There is a 
need for objective, measurable goals for a proposed environmental 
enrichment programs for rodents, as well as for empirical investigations of the 
beneficial and detrimental consequences of proposed environmental 
manipulations. “
I would argue that the sequestered systems go a long way towards meeting 
many of these objectives and providing a more natural environment for the rat 
than laboratory cages.
2.2 Sewer Baiting
The long term (Chapter 6) and hotspot study (Chapter 7) data was originally 
gathered, as explained previously (Section 1.5), in the course of sewer baiting 
to control rodents in The London Borough of Enfield. Also, for the Hotspot 
study, in the London Boroughs of Barnet and Kensington & Chelsea.
To control rats in sewers, poison either loose or in bags, is placed in the 
sewer system via the manholes. The bait is usually an anti-coagulant
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{Brodifacoum) on a cereal base of pinhead oatmeal®®. This is usually placed 
on the raised side section of the manhole base “benching” so that it cannot be 
so easily washed away and can be checked visually for consumption. In this 
location, because of the moisture and humidity, the bait remains palatable for 
about a week; perhaps twice that if presented sealed in bags (Ockleston 
1994). Sometimes a bag suspended on a string is used where there is no 
benching. Details of the number and locations of baits consumed were 
recorded and kept for the client, either the London Borough or Thames Water. 
After it was realised that the information collected could perhaps be used in 
providing predictive information about sewer rat populations. A large number 
continued to be baited using the same techniques annually to provide 
continuing data (see Appendix 1). The continuing data acquired accounted for 
at least 10% of the total sewer manholes in Enfield every year as this was 
considered to be the minimum representative sample required to be 
consistent with previous data.
2.2.1 Recording Information
To maintain consistency, data was collected using the same recording 
techniques and paper forms as was used for the first 13 years. The team 
visited a street in the chosen area, lifted a manhole lid and recorded the state 
of the manhole. If the manhole was full of water (surcharged) it was not baited 
but reported to TW operations. If it was obstructed by parked cars or sealed
See footnote 74 Chapter 8 
Pinhead Oatmeal
Also known as steel-cut oats in the USA, and sometimes referred to as coarse, or rough oatmeal, pinhead oats are 
made by passing hulled oat grains through steel cutters which chop each one into three or four pieces. In the UK they 
are sometimes steam treated to slightly pre-cook and bring out flavour.
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by poor tarmac laying or jammed, this was recorded too and baiting was not 
attempted.
For baiting, a bag containing 200g®^  of rodent bait (Brodifacoum) was lowered 
into the manhole to rest on the benching beside the flow using a piece of 
nylon string. The string was secured to the top rung of the access ladder or 
jammed between the sewer lid and the socket.
After an interval of 10-14 days, the manhole cover was lifted again and the 
state of the bait was checked. If it was untouched a no-take was recorded. If it 
was partially consumed a partial take was recorded®®. If it was completely 
consumed, a complete take was recorded. The London borough of Enfield 
was divided into six sections, which were treated in rotating pairs of sections 
annually to give sample sizes of approximately equal numbers.
There were two exceptions to this, the sections of the North Circular Road 
and the Great Cambridge Road, which passed through the borough. These 
were dropped from our investigations after the mid 1990’s when, even by 
starting in the early hours, the traffic became too dangerous to attempt to lift 
manholes using the ordinary protection system of signs, cones and flashing 
lights.
2.2.2 Data capture and analysis
The data were first transferred from the field records to photocopied sheets to 
ensure that harmful bacteria did not accompany the data recorded by
200g was the amount specified in the original Thames Waters treatment contracts. The quantity was kept for 
consistency.
This was a measure consistent with Thames W ater’s data collection. It was not Important to this research since it 
was activity and not abundance that was being measured.
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technicians and organisms were not transferred from the sewage 
contaminated bags they handled. The photocopier was sterilised afterwards. 
The data were then transferred to an Excel spreadsheet. Since we were 
measuring activity and not abundance, partial and complete takes were all 
recorded the same.
Initially analysis was made using Minitab but later the SAS®® package was 
used since it was already licensed and more powerful when handling time- 
series, weighting and damping on the data (chapters 6, 7 & 8).
The approach to the way the data had been handled was the subject of an 
extensive review in consultation with Chirostat Statistical Consulting. Because 
of the continuing decline in the numbers of rats (chapter 8), it was felt that the 
limit of what could confidently be asserted and predicted with the statistical 
methods being used was being approached. One issue was the need to 
introduce some damping. Damping is a statistical method of representing the 
diminishing population swings when the average population is dropping 
overall.
The data confirmed a strong statistical significance for the exponential decline 
in rodent numbers (chapter 6). A feature of the exponential curve (shown in 
section 6.5 fig 24) is that it halves its value every 5% years. Similarly, with 
exponential damping of population swings, the fitted height drops by a half at 
approximately every five-year interval.
The revised approach used damping focused more on the logic of the 
diminishing population and does not allow the possibility of a negative
SAS Institute Inc.: SAS (r) Proprietary Software Release 8.2. SAS Institute Inc., Cary, NO, USA.2001
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population prediction. (Whilst it is mathematically possible to predict zero or 
negative numbers, there cannot logically be less than zero rats in the system). 
It is felt that this revised approach led to a more robust statistical result, useful 
since work continues on this data set and there are now twenty-one years of 
records^®.
Careful efforts were made to avoid data mining^  ^and to try and ensure that 
the statistical measures used were conservative and appropriate to the data.
2.2.3 Weighting
Weighting is necessary to ensure that, where gross dissimilarities between 
data contributions occur, they do not unduly cause the results and their 
interpretation to be biased. If one location only has one manhole and another 
a hundred, a way must be found to equalise their contribution.
Likewise, if one year has more data than another, there is a risk that its 
information will dominate the results. This is normally done through adjusting 
the weight given to each in a mathematical way.
Where weighting has been done, careful thought needs to be given to the 
interpretation of results. If, for instance an area with a small amount of data 
contribution and another with a large amount both show statistical 
significance, a note of caution needs to accompany the interpretation of the 
results for the smaller area. It is important in statistical testing to look beyond 
the results themselves and look at what they mean in the context of the whole 
of the sample data.
™ Correct at time of checking June 2007 collection will continue in 2008.71 Data mining" There is aiways the temptation with statistics to retro-fit a test that returns significance from the data 
and then formulate a hypothesis to suit. This is cailed data-mining. It is not correct scientific procedure.
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CHAPTER 3
Rats and “Interceptors”^^ . A study of sewer rat {R. norvegicus) 
behaviour when encountering this feature of sewerage engineering.
3.1 Abstract
A pair of sequestered sewer systems was constructed, identical in terms of 
design, materials and layout, incorporating a disconnecting trap (“interceptor”) 
in each. Sewer rats {Rattus norvegicus) were trapped from public sewers and 
released into each of the sequestered sewer systems. Their attempts to pass 
the water traps in interceptors was recorded on tape using infrared cameras. 
A variety of experimental conditions were tested to examine which factors 
might cause or allow rats to negotiate Interceptor’s water traps, testing the 
integrity of interceptors as a method of pest control^® since the presence of 
interceptors was regularly cited as a cause of blockages. Battersby et al 
(2002) lists displaced/missing caps to interceptors as the fifth most common 
cause of rat problems as assessed by local authorities.
Rats were found to negotiate interceptors easily if they wished to do so and 
that direction of flow and presence of light are not factors which encourage or 
deter them.
It was concluded that interceptors do not provide an effective permanent 
means of rodent control. This is further explained in the following sections.
. This is aiso known by alternative names such as: “intercepting Traps”, “interceptors" and “Disconnecting Traps”. 
These are not to be confused with intercepting Drains and Petrol vapour interceptors. More information in BS 
EN1610 - The construction and testing of drains and sewers.
“Over the years the design of the foui drainage and sewerage system has been changed with a view to impeding 
the exits of rats from sewers. E.g. the use of disconnecting (interceptor) traps. However, as the number of blockages
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3.1.1 Introduction
Many observers view the sewer network as a sealed system, where, apart 
from vents for foul smells and gas, the system is entirely sealed throughout its 
length. This view has led to some fairly simplistic suggestions about how 
rodents within the system might be controlled. Rats are thought to leave the 
sewer system via, toilets storm drains and broken pipes^ "^ .
Furthermore, there is an assumption in popular conception as well as much of 
the literature that drains and sewers harbour large populations of rats.
Hall and Griggs (Hall & Griggs 1990) describe ways of deterring rats from 
entering buildings through drainage systems. They suggest rats usually leave 
the drains when heavy rain causes flooding; and that other factors are aiso 
important like fly-tipping and the scattering of litter encouraging rats to go 
above ground to feed. The argument is thus that surcharging of the sewers 
forces the rats to leave and then, having discovered an exit route and an 
attractive food source, they continue to do so.
Hall & Griggs also suggested that demolition work disturbs old sewers and 
drains giving rats access to the surface through open pipe ends. They also 
suggest that exceptionally warm weather might be causing a population 
explosion of the rat population by allowing even the weakest to survive.
They further suggest that the most effective solution to rat infestation in drains 
is systematic baiting, using anticoagulant rodenticides^® which are regularly
caused by these traps increased over the years there has been a tendency to remove them." Plastic Pipes Group 
Bulletin 0, Rats & Plastic Pipes. Issue No 1, 12/97 
http://www.auardian.co.Uk/netnotBs/articie/0..767655.00.html "The agile little beasts can climb brickwork, guttering, 
swim along pipes, scamper up u-bends in toilets and into cavity walls." Checked May 2007
Anticoagulant Rodentlcides;
Death from these compounds results from internal bleeding and can take from 1 - 1 0  days after 
the initial poisoning. The older types such as warfarin are no longer approved for use in UK sewers.
Brodifacoum which is currently approved, came into use in the 1970’s. Anticoagulant rodentlcides act by depressing 
the hepatic vitamin K dependent synthesis of substances essential to blood clotting. This makes the small capillaries 
throughout the body unable to repair themselves, causing widespread internal haemorrhaging and ultimately, death.
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changed to counter any pesticide resistance that might develop in the rat 
population. Pre-baiting, they say, is usually required to attract the rats and get 
them used to eating from the bait stations. They suggest that rat control 
programmes must be continued until all rats are eliminated to prevent 
resistant “super-rats” being left behind. They suggest that containment of rats 
in an area and restricting their access to food is an option, though that may be 
difficult to achieve due to their ability to climb, swim, dive and burrow very 
well. Traditional rat deterrents and their advantages and limitations are 
described, e.g. water seals and interceptor traps. Alternative rat deterrents 
and their advantages and limitations are then described, e.g. one-way valves 
and sealed drainage systems. Sealing off old drains following demolition work 
is recommended.
Looking at the effectiveness of Sewer Baiting, Pidgeon, (Pidgeon 1981) found 
that 38% of manholes treated with rodenticides In July 1980 were reinfested 
by February 1981. 84% of these were associated with infestations in the 
Section 24^ ® public sewers that service domestic premises. Hall and Griggs 
also illustrate the Interceptor trap described here
Since there was some confusion as to whether rats were actually contained 
within soundly maintained sewer systems or whether they could exit and enter 
at will, this study was set up to determine whether interceptor traps, long 
thought to be not passable by rats, were capable of containing rats within a 
sewer or not.
Section 24 Sewers, essentiaiiy sewers on private iand that were historicaily the responsibility of the householder 
and not the service provider.
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Only two rats and a few condition changes were used in the trial. A simple 
confirmation of whether or not the behaviour, already documented in other 
contexts, could be shown to occur in sewers was all that was needed.
3.2 Materials and Methods
3.2.1 interceptors within the sewer system
An interceptor may be situated downstream of a manhole within some 
domestic or private systems, or at the junction between domestic and the 
public system.
An Interceptor is primarily a water trap within a U bend, to prevent foul smells 
and gases from the main sewerage system, from entering the domestic 
systems.
RODDING
ACCESS
public
system
RODDING EYE CAP /
MANHOLE
WATER
TRAP
private
system
Figure 11 A transverse section of an Interceptor showing the key component parts.
Interceptor access is provided to bypass the tight U bend of the water trap, 
through which drain rods cannot pass, to allow blockage clearance 
downstream (see Fig. 11). This Redding access called the “Redding eye” is 
essentially a continuation of pipe from the downstream side of the interceptor,
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which enters into the manhole, situated immediately upstream of U bend. The 
end of the redding eye Is fitted with a cap or plug (Interceptor cap), which, in 
the normal course of events, prevents gases and foul odours from bypassing 
the water trap.
Redding eye caps are occasionally found to be missing from interceptors 
when rodent problems are investigated in defective drains^^. This may be the 
result of downstream flooding and blockages, causing backpressure that 
forces the cap off^ ®. Also, the cap may not be replaced after its removal to 
clear a blockage. Sometimes clay-ware plugs were grouted in, so the only 
way to remove them was to break them out, and a replacement was rarely re­
fitted.
If the water trap blocks, and the redding eye cap is missing, the system will 
drain through the redding eye. When this occurs, the system operates for a 
while with no problem apparent on the surface. Some interceptors cause 
continual maintenance problems and are eventually removed.
Interceptors and water traps are no longer fitted to domestic manholes. A 
stench pipe, rising to the roof of building, vents gases into the air, bypassing 
many of the problems attributed to the water trap.
However, an additional advantageous feature of the water trap was that it was 
considered to prevent rodents from leaving the main sewerage system to 
invade private householder's systems. Brooks (Brooks 1973) and Davis 
(Davis 1988) both suggest competition for resources like food and breeding 
sites as a pressure on the carrying capacity of the sewer system and this
"  Bentley et a! 1958
Private Communication Thames Water, 2001 
Private Communication Thames Water, 2001
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could be a reason why rats would choose to test the integrity of a water trap 
or interceptor cap.
3.2.2 Sequestered sewer system
Rats for this experiment were live trapped from the public sewer system. Two 
were selected, matched for sex and size and transferred to a sequestered 
section of sewer, where they were observed and recorded using Infrared 
cameras and video equipment.
The sequestered sewer network represented working sections of public and 
private systems incorporating an interceptor. Two identical but unconnected 
systems were run in parallel down each side of the laboratory wall, namely the 
“left” and “righf-hand systems as viewed from the laboratory entrance. Each 
system represented two parts of a working sewer system, namely the 
domestic system (pink), and the public system (yellow), separated by an 
Interceptor (see Fig 12).
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Figure 12 a  schematic diagram of the Right Hand sequestered sewer system showing the 
interceptor dividing the two.
A circular hole was cut in the walls of both sides of the pipe, downstream of 
the Interceptor and at the junction of the offshoot of the Rodding eye (see Fig. 
12), and clear polycarbonate plates were glued in place. A camera was 
placed on one side and a light source on the other. The camera could thus 
record upstream or downstream attempts by rats to pass the interceptor quite 
closely.
3.3 Experimental Design
Procedure
The experimental trial was run four times with the two identical parts of the 
network each having a rat in. Each trial was run for a period of 14 days. After 
this time, all the tapes were reviewed, and the significant events were 
examined in detail frame by frame.
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Four trials were conducted to investigate the following:
i) The rats’ ability to negotiate the interceptor. Both interceptor caps were in 
place and two rats were released into the systems, one into each of the 
replications, upstream of the interceptor.
ii) The effects of light on the downstream side of the interceptor, with regard to 
the number of transits of a rat through it. This was achieved by the fitting of 
the clear polycarbonate plate in the pipework, aimed to mimic the effects of a 
broken manhole. It was hypothesised that, light from such flaws may 
encourage rats to leave the system and negotiate the interceptor.
iii) The effects of absent rodding eye caps, on the number of transits by rats 
through the Interceptor. For this experiment the rodding eye caps were 
removed from both interceptors.
iv) Finally; the Rodding eye cap was replaced, to determine whether having 
learnt of the existence of pipe beyond the interceptor, this affected the number 
of transits through the Interceptor, in comparison with trial 1 (before the cap 
was removed).
3.4 Results
3.4.1 Trial 1- Negotiating the Interceptor
The two rats were named: Rats A, and C. One was placed in the left (Pink) 
system and the other one in the right (Yellow) system.
Rat C: For the first two days within the system, C remained within the pipe­
work as it was not seen in any of the manholes, during general observation 
with the cameras. Once general exploratory behaviour became apparent, it 
rapidly negotiated the interceptor, via the U bend. This occurred after being in 
the system for 1 week, at which time the recording began and the trial started.
C was fully able to negotiate the interceptors and negotiated them in both 
directions and during a variety of conditions including full flow. Most of G’s 
general activities within the system took place at night.
Fig. 13, shows the distribution of transits through the interceptor goes right 
across the rat's main active period, with the majority occurring close to 
midnight. A second burst of activity seems to occur at around six in the 
morning.
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Figure 13 Number of transits through the Interceptor at various times of the day by rat C. 
More activity can be seen during times of reduced flow.
The majority of transits occurred outside of the peak flow however some 
occurred during the peak flows, with two in an upstream direction, showing 
that the rat was capable of negotiating the interceptor against a fairly 
substantial water flow (70 litres/sec).
After the first transit through the interceptor on day 1 of the trial, C made 
regular transits daily throughout the fourteen-day trial. The number of transits 
varied daily and ranged over the trial from four to twenty-one transits during a 
day. The number of transits follows a slight rising trend over the fourteen 
days, although this trend would probably plateau since the overall activity 
level of the subject would govern how much time was spent exploring or 
foraging.
The time it took the rat to negotiate the interceptor (i.e. the time from when it 
was last seen by the camera downstream of the interceptor, to the time it was
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recorded by the one immediately upstream), varied greatly, from 5 minutes to 
188 minutes showing that it was comfortable with spending time in the 
relatively dry sections of pipe between manholes. Fig. 14 shows the average 
length of time of transits per day, demonstrating that the daily variation in 
times continues for the full length of the first trial. This was the time between 
exiting one manhole and appearing in the next upstream or downstream one 
depending on direction. At the beginning of the trial, there was high variation 
in the times it took for C to negotiate the interceptor; however this variation 
tended to diminish as the first trial came to an end. The trend line shows an 
overall decline in the time it took for rat C to negotiate the interceptor.
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Figure 14 Average times taken for rat C to transit from downstream to upstream manhole, 
passing through the Interceptor during the first trial.
Rat A: Did not negotiate the interceptor during the fourteen days of trial 1.
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3.4.2 Trial 2- Negotiating the interceptor, adding light to the system
This had no notable effect on the frequency of transits of C through the
interceptor, which averaged twelve per day. Rat A did not negotiate the 
interceptor throughout trial 2.
3.4.3 Trial 3 -  Effects of absent Rodding eye caps
Rat A: Within 1 day of removing the interceptor caps, A passed through the 
Rodding eye (access hole) into the yellow part of the system, where it 
remained for the rest of the trial.
Rat C: On removal of the interceptor caps, C chose to travel through the 
Rodding eye rather than through the water trap. However this had no marked 
effect on the number of transits which averaged 11.3 per day.
3.4.4 Trial 4 -  Replacing the interceptor caps
Rat A: During the fourth trial, A did not negotiate the Interceptor and remained 
within the yellow system, which it had inhabited during the previous trial. 
However, several days after the last trial had terminated and recording 
stopped, the re-circulated water pipe in the pink system was chewed and 
detached from the system, causing a leak. This showed that A had 
negotiated the Interceptor by travelling through the water trap, to enter the 
pink system. In order to chew through the pipe, A had to swim through a 
second water trap to get to the metal grid on the bottle gully that the pipe 
protruded through. The re-circulating pipe was repaired, but the same 
damage occurred 2 days later, when A exited the system and escaped by this
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route showing that it had negotiated both the interceptor three times and the 
bottle gulley water trap three times at least.
Rat C: Once again reverted to travelling through the water trap. There was no 
marked effect on the number of transits through the interceptor which 
averaged 11.2 per day.
3.5 Discussion
There has long been anecdotal evidence that rats could negotiate water traps, 
some of it from very reliable sources within the pest control industry. There 
was however little scientific corroboration. The first scientific evidence was 
generated during the sequestered sewer trials carried out for Microbee’s 
contribution to the UKWIR study (Ashley et al, 2000). One problem 
encountered with the experimental set-up of this trial was the use of plastic 
grids on the eight bottle gullies used to represent the domestic inputs into the 
system. Rodents swam around the water traps and chewed through six of 
them resulting in the escape of several rats from the system. This 
demonstrated that rats were capable of this behaviour and It was thought at 
the time, that light entering through the grids was sufficiently interesting to 
tempt the rats into investigation. Interestingly, this behaviour was not confined 
to one individual. Six rats were known to have done this (about 25% of the 
total number) before the grids were replaced with metal ones.
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In the current study, both rats negotiated the interceptor in complete 
darkness, and repeated the behaviour many times thereafter with the 
introduction of light having no apparent effect upon the frequency of transits. 
Therefore, since light does not increase the tendency for rats to attempt to 
negotiate the interceptor, it is unlikely that this is what encouraged them to 
travel through the water trap and escape in the case Ashley’s (Ashley 2000) 
study. The design of the grid is such that rats would find it easy to find an 
edge which to chew at®°. Their teeth are perfectly able to chew through 
plastic grids making them a suitable escape route.
It is clear that rats are physically able to negotiate interceptors. They are 
capable of swimming, and an article in the Daily Mall (Daily Mall 2001) has 
reported them diving up to five feet in the middle the River Nene in 
Cambridgeshire to retrieve freshwater mussels to eat®\ The article stated 
that there was also evidence of this occurring in the Norfolk Broads and on 
the Somerset Levels. A study by Galef (Galef 1980) reported similar findings 
on the river Po in Italy. This diving behaviour might stem from imitation or 
discovery. It may be learned as a result of rats discovering the mussels when 
they were exposed during low waters, and then other rats copying the 
behaviour. These three different cases suggest that deep diving by rats has 
been learned independently by each group suggesting that it is well within 
their normal range of capabilities.
“Given an "edge" as a starting point rats can chew through any of the traditionai non-metallic materials to gain 
access to food or to create an exit to the surface. They do not however indiscriminately chew through pipework but 
require a stimuius such as iight, smeil or taste to know that there is a need to break through." Rats & Piastic Pipes. 
Plastic Pipes Group. Bulletin 0 1/12/’97
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In this context, a trip through a water trap does not seem such a great feat. 
Although only rat C was recorded travelling through the interceptor during the 
trial period, A did repeatedly later. Although A and C were both captured from 
the same borough, they came from different areas in the sewer system. It is 
likely that the observed behaviour was learned independently, and does not 
seem to be uncommon in sewer rats. It is possible that the behaviour is 
passed on as rats observe others travelling through the water trap, or that 
they may learn the behaviour independently during floods, when they are 
faced with passing through an interceptor or drowning. Lack of food and other 
resources is also likely to encourage this exploratory behaviour.
The removal of the interceptor caps allowed progress from one part of the 
system to the other without having to travel underwater and the rats on both 
sides took the opportunity to do this. Therefore the tendency not to replace 
interceptor caps after using the rodding access pipe, or after pressure has 
forced it off, may have some bearing on rodent movement. Although rodents 
are fully capable of travelling through the water trap of the interceptor anyway, 
those that have not learned the behaviour are more likely to travel through 
when the rodding eye cap is absent. From this it can be concluded that effort 
should be made to replace caps each time they are removed.
It is also worth considering that, where caps have been missing for some 
time, rodents that have gained access through the rodding access are more 
likely to travel through the water trap once the caps are in place again. Once
http://news.bbc.co.nk/l/hi/uk/1550660.stm 2001
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rats have learned that there may be food, harbourage or a possible mate, on 
the other side of the interceptor, they may be willing to make more effort to 
negotiate the water trap. Although effort can be made to replace caps after 
they are manually removed, without regular inspection it is not possible to 
replace all those that are forced off by pressures from floods etc. Therefore 
the use of interceptors, even with caps present cannot be considered an 
effective method of rodent control.
Statistical tests for significance were not done on these trials as they were not 
appropriate to the hypothesis or the sample sizes used.
3.6 Conclusions
These trials have shown that rats can transit interceptor water traps in the 
dark. They can transit in both directions with apparent ease, through varied 
conditions, even going against the peak water flow of 70 litres/second.
They can bypass the water trap and transit more easily if there is no cap on 
the interceptor, so caps should be replaced each time they are removed.
The fact that rats can transit under a variety of conditions and that diving 
underwater does not pose a problem for them as shown in other reports, 
suggests that the behaviour we have observed is fairly representative of that 
which can be expected to occur throughout the sewerage system.
From a rodent control point of view, we can conclude that Interceptors, at best 
serve as a temporary deterrent. They are not effective, permanent barriers for
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rodents and should not be retained or included for that purpose alone. If there 
is a desire to contain rats within the sewerage system, then the integrity of 
domestic manholes and bottle gullies needs to be examined, especially where 
foul and surface systems are combined. In this situation, water traps with 
plastic grids do not represent a credible barrier to exit or entry.
Chapter 4 
Preferred Locations for rats in Sewers
4.1 Abstract
This part of the study looks at rats patterns of occupation of a sequestered 
sewer network to see which locations they preferred at what time and what 
activity was associated with each location.
Rats chose dry locations for a number of activities that they did not do in wet 
areas. These seemed to be grouped around sleeping and nesting behaviours 
on the one hand and exploratory and foraging behaviours on the other.
Rats were observed bringing particles of food to dry manholes from wet areas 
and leaving them to eat later. They also re-arranged the debris in the pipes to 
make nests. Their time spent foraging and exploring increased between the 
peak flow times.
4.2 introduction:
Sewer rats in London (UK) are not different in species from surface rats; both 
are R. norvegicus. Those that spend most or ail of their lives within sewers
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have no special adaptations and their behaviours are all within the normal 
range of R. norvegicus's skill sets.
A study of “hot spots” by Channon (Channon et al 2006) found that rats were 
not evenly or randomly distributed throughout the system, but could be found 
in specific locations year after year.
In other studies, it was shown that rats are capable of swimming under water, 
in the dark around and through sewer interceptors (Channon at a! 2002). 
Simiiarly rats have been observed both in the UK and Italy to be able to dive 
down to the bottom of rivers to gather mussels for food (Chapman 2001 ). 
Despite this impressive adaptability, they, like all mammals, need adequate 
food, nesting space, territory and mates to survive.
The opportunities presented to them by sewer networks are not as 
homogeneous as might appear from the surface. From a rat’s perspective, the 
sewer environment has a constant temperature, high humidity and a lack of 
predators in its favour. However, it also suffers from sudden flooding, foul 
gases®  ^and infrequent safe harbourages.
The pipes offer the opportunity to forage in safety but also restrict direction. All 
food has to be sourced from the flow (Bentley 1960) and in London; this 
consists almost entirely of a combination of undigested material from faeces 
and slops from canteens, restaurants and food outlets (Battersby 2003).
An examination of the tailings at sewerage plants reveals that most survivable 
solids are kernels of maize, tomato seeds and rice and food particles of about 
that size®^ .
Sewers can contain a  variety of gases. These could include Methane, Carbon Dioxide, Ammonia, Sulphur Dioxide, 
Hydrogen Sulphide amongst others. As far as the rat is concerned, any gas causing anoxia would be a threat.
Personal observation Beddington Lane Sewerage Works, 2000
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There are three main possibilities for harbourage: (1) Breaks and damaged 
sections of the sewer, (2) crossovers or overflows between wastewater and 
surface water networks leading perhaps to surface water drains and (3) 
lengths of sewers which are normally dry (Hall & Griggs 1990) or connected to 
sections with a fault (Battersby 2003).
Since the underground sewer network is not homogeneous and since the 
presence of rats can act as a reservoir of disease and infestation (Battersby 
2003), it is important to know whether sewers can be designed to keep rats 
out of the network. To help this process, we must first know which parts of 
sewer networks are favoured by rats and where, given the opportunity, they 
would choose to spend their time. We know from other work (Bentley et al 
1955, Bentley 1960), that rats forage widely through wet areas and swim 
through sumps (Channon et al 2002) but they have not been noted sleeping in 
sewers. They are known to emerge above ground through dried out water 
traps on redundant connections (Hall & Griggs 1990) and it is suggested that 
they seek out dry sections of pipe and chambers for nesting and living (Hall & 
Griggs 1990).
If these locations are a necessary condition of their presence, then removing 
them by a combination of maintenance and improved design, should help 
reduce rodent numbers in sewers.
To test the idea that they prefer locations where they have access to dry 
harbourage, I set up an experimental system to offer the rats the choice 
between wet and dry environments.
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4.3 Method:
To investigate the potential usage of differing areas I designed in a mirrored 
pair set up, a sequestered sewer network (Fig 15) incorporating both "wet” 
and “dry” parts and chambers. Each side had a total run of sixty metres of 
sewer pipe with seven manhole chambers connected to it.
The wet parts had a minimum of a trickle of water flowing through at all times 
and the maximum of 200 litres an hour during the "tidal” flow which was the 
maximum our pumps and pipes permitted. The dry chambers contained dried 
peat mixed with wood chips to represent the drier “soil”; faeces etc that is 
often found in dried out connections. It was not possible to replicate the exact 
material because its composition was unknown®"^ , but I decided that what was 
important was the rat's behaviour in the presence of the material rather than 
the composition of the material itself. Ashley (2003) shows that much of the 
deposits in sewers are formed of road grit but this would not necessarily be 
the case between domestic houses and the road.
Pumps were used to mirror the “tidal flow” of the main system. Four sewer 
rats, which were trapped in the London sewer network were introduced to the 
sequestered network and allowed to occupy it. Their behaviour was monitored 
using infrared cameras and the amount of time that they spent in each part of 
the system, combined with the activity they undertook was recorded on 
videotape. A set of videotapes was collected
^  It could be dried sewage, infiltrated soil from a break or a combination of the two.
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Wet Manholes 
Dry Manholes
Figure 15 A diagrammatic plan view to show the sequestered sewer network used. Legends: 
The letter L or R shows if the manhole is in the Left Hand Side or Right Hand Side of the 
network. The number relates to the manhole location in the sequence.
representing thirteen days of continuous observation, recording twelve 
cameras in parallel, six on the left and six on the right network.
The sequestered sewer network was divided into two mirrored parts. Left 
hand side (LHS) and the right hand side (RHS). Two rats, matched for size, 
one of each sex were placed in the LHS and two rats were placed in the RHS. 
These rats could not travel between the left and the right networks but could 
move within their sections, (see figure 15). Because of a camera failure on 
the RHS, only two pairs of manholes, each with a wet and dry choice were 
monitored on each side of the replication. It was not possible to monitor every
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metre of the network without the cameras becoming so intrusive as to become 
a feature of the system that rats would not normally encounter. It was 
however possible to track the rats’ movements through the system from one 
chamber to another and to monitor their activities within each chamber.
The tapes were later reviewed and the data transcribed to an Excel 
spreadsheet for further analysis as shown in the section on sequestered 
sewers in chapter 2.
The amount of time spent in each part of the network was logged along with 
the activity that was taking place there.
Rats were timed to see how many seconds they spent in each location and 
the activity they were engaged in was noted, namely sleeping, feeding, 
grooming and gnawing.
4.4 Results:
The rats travelled through wet and dry manholes in both sides of the 
experiment. There was an equal amount of wet and dry system available. 
Overall, Rats spent 71% of their time in the wet parts of the sequestered 
system and 29% in the dry parts.
I broke down the activities observed in each part to see if there was any 
difference between the two.
There is a distinct difference between activities seen in the choice locations. 
Activities in the wet part were mostly foraging and exploring but I was not 
always able to distinguish between these two activities.
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No rats ever used manhole L1 for an observed activity and only infrequently 
travelled through L3. Of these, L1 is a dry manhole and L3 is wet.
In the dry manholes, rats were observed to move the “soil” material in dry 
chambers around and to pile it into heaps. They often slept on these heaps. 
Rats were observed chewing wooden chips from the “soil”. It is probable that 
this was as a means of keeping their teeth in trim since their incisor teeth 
grow continuously (Addison & Appleton 1915).
The rats in the RHS of the system were much more active within the observed 
manholes than the rats on the LHS. In the RHS, all the manholes were visited 
and time was spent more equally between the whole range of manholes.
The rats in the LHS were much less active in the manholes themselves. They 
did not stay as long in the manholes. They seemed to spend more time in the 
network in the pipes out of view of the cameras.
Activities in Dry Sections
■  sleeping
■  feeding
□  grooming
□  gnaw ing
Figure 16 Showing the proportion of each type of rat activity observed in dry manholes.
As shown in figure 16, of the total time spent in the Dry manholes, 49% of it
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was spent sleeping, 29% feeding, 5% grooming and 16% gnawing. Where 
observed by the cameras, activities such as sleeping seemed to always take 
place in dry locations. Rats never slept in the wet although one did sleep on 
dry benching above the flow in the large manhole next to the exit (R7) to the 
main network beyond.
Rats seemed to groom after getting wet and foraging and spent time on this 
activity when returning to dry manholes.
.AE
peak flow 
times Mon-Fripeak flow times Mon-Fri
Time of Activity
Figure 17 A graph (already shown page 89) showing how peak flows affect rat activity in 
sewers
Figure 17 shows that the rat movement within the sewer system is greatest 
when the flows are at their minimum. During this period, there was a trickle of 
water flowing through the wet part and it was easy for them to move around. 
When the Monday to Friday peak flows occurs, the number of transits through 
the pipes by the rats on average decreased.
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4.5 Discussion:
Rats did choose dry locations for a number of activities that they did not do in 
wet areas.
These seemed to be grouped around sleeping and nesting behaviours.
There were a small sample of four rats and due to a camera failure too small 
a number of manholes were monitored to make firm conclusions. Also, there 
was too great a range of variation between their activities and with a mirrored 
system, too few replications to make more than general observations about 
their behaviours. So, sophisticated statistical techniques were not considered 
appropriate to this data.
Rats were observed bringing particles of food to dry manholes and leaving 
them to eat later. This behaviour is part of the rat's skill set and various 
observers (Barnet & Spencer 1951) note them carrying food items. Rats were 
observed chewing wooden chips from the “soil”. They also re-arranged the 
debris in the pipes to make nests. Their time spent foraging and exploring 
increased between the peak flow times. The logical reason may be that the 
flow of water restricts their movement. However rats are accomplished 
swimmers and at flow times more food is presented to the rats, which causes 
a decrease in foraging times and distances (Taylor & Quy 1978). The 
hypothesis that rats prefer dry places is supported by the fact that higher 
numbers of rats are found In broken sewers, usually around manholes, which 
provide greater opportunities for dry and secure harbourages (Marsh & 
Jackson 1978), (Bajomi and Marcos 2003).
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Since their young are born naked, it may well be necessary for them to have 
dry nests too since it is likely that the wet environment would chill the pups 
and kill them (Lund 1994). How often this circumstance occurs in sewers 
becomes a matter of some importance if it's a binding constraint on population 
growth.
Although this work showed that the test rats prefer dry locations for many 
activities, it is particularly important to discover whether, as suggested, a dry 
location is a necessary condition for nesting and rearing young. Further work 
needs to be done to establish this crucial factor beyond doubt.
I did think that, if this proves to be the case, mechanical repairs to the network 
which removed faults which gave access to permanently dry harbourage 
could have a significant and permanent role in the reduction of the capacity of 
the sewer network to support rodent populations. This would then reduce the 
reservoir of potentially disease transmitting animals close to our own 
habitations.
However, it has subsequently been pointed out (Ashley R. 2007 private 
communication) that this presupposes that a sewer without damage always 
has flow in it. This is not necessarily true. During the night much of the flow is 
from infiltration of groundwater through cracks and joints. If these were 
repaired, the sewer may become dry at night, increasing perhaps rather than 
decreasing the number of dry locations. These would still need to be 
permanently dry to provide additional breeding resources but the underlying 
point that a simple link between repairs and reduced breeding resources 
cannot be drawn and the relationship may be more complex.
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Chapter 5 
Responses of Sewer Rats to Rodent Bait. 
5.1 Abstract
The responses of sewer rats to the introduction of novel food presented as 
rodent bait were covertly observed using infra-red cameras. Trials were run to 
test whether increased numbers of rats had an effect on the time taken to 
sample novel food. A sequestered sewer system with two replications was 
used.
Increased numbers of rats exposed to the bait had a marked effect in 
reducing the time taken for rats to respond to the bait.
Three distinct phases to the rats' response to the bait could be recognised. 
Firstly, the bait was ignored for a varying period -  decreasing as the number 
of rats increased.
Secondly, a period of exploratory behaviour occurred, which was shorter 
when there were more rats.
Thirdly, the bait was accepted and consumed. The time this took fell outside 
that usually allocated to sewer baiting programs and ways of enhancing 
current baiting practice are suggested.
5.2 Introduction
Poison baiting programmes have been carried out for many years to control 
the number of rats (R. norvegicus) inhabiting the London sewers and thus to 
control the public health risk that they represent. However, there has been 
little research aimed at establishing what rats eat in sewers and how they
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react when novel food is encountered. Even less is known about their 
response to poisoned baits. It is important to know more about rat behaviour 
in relation to poisoned bait because this is an important factor that could 
determine the effectiveness of rat control programmes.
An introduced food item is novel in the rat’s experience and since it is 
positioned in a location where the rats would not normally look for food, their 
response needs to be examined. The fear of new objects (neophobia), even in 
food, is a well-documented response in rats and takes some time to allay 
(Garcia and Koelling 1966).
One objective was to find out whether a week is long enough for the rats to 
detect the novel bait and overcome any neophobic reaction and sample the 
bait in sufficient quantities to allow all individuals to consume a lethal dose. 
This being the usual contract®  ^period baits are left in the sewer for although 
Bentley (1960) suggested refreshing baits on days four, eight and twelve. 
Additionally I wanted to investigate, whether, if other factors were the same, 
an increase in the numbers of rodents, would lead to competitive pressure on 
the existing food supply and this in turn would result in an increased 
willingness of the rats to sample baits.
The Norway rat - Rattus norvegicus is omnivorous. It consumes 
approximately 28 g of dry weight of food daily (Inglis et a! 1996). The sex of 
the individuals does not appear to affect food consumption and consumption 
is mainly dependent on the weight of individual rats (Inglis et a! 1996). It has 
been shown that both wild and albino R. norvegicus have definite preferences 
for particular types of food. Wild rats, given surplus amounts of cereals, 
wholemeal, wheat and cabbage showed clear preference for wholemeal
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wheat flour and sugar (Barnet & Spencer 1953), (Barnett 1956). Food with a 
high calorific value (e.g. horse liver) was preferred, although total calorific 
value consumed per rat stayed the same (Dubock & Rennison 1977), (Barnett 
& Spencer, 1953).
When given choice of food containers, rats do not necessarily pick up the food 
nearest to the nest. If the preferred food is in the most distant container, then 
they would only eat from that site and were prepared to travel further for it 
(Barnett & Spencer, 1953). An introduction of novel food does not necessarily 
cause any change of behaviour. A novel container with familiar and highly 
palatable food was first ignored for 4 to 8 days (Inglis et al 1996).
In sewer systems, the rat's food comes mainly from the sewage flow and it is 
not certain what rats eat. I have observed numerous whole grains of maize, 
oats and wheat as well as tomato seeds in the tailings®® at the Beddington 
Lane sewage works. Tomlinson et al (1984) noted undigested tomato seeds 
from sewage as a source of Tomato Bushy Stunt virus. Barnet (Barnett & 
Bathard 1953) observed what rats found among debris and listed a range of 
foods, mostly larger intact pieces. It is possible that the distance travelled by 
individual rats depends on the amount of food available (Taylor & Quy, 1978).
Aims
I set out to discover how rats responded and interacted when a novel food 
item like sewer bait suddenly appeared in their environment.
Thames Water Sewer Baiting Contract Schedules 1998
Tailings; larger floating particles separated out before the sewage is passed over a filter bed at a sewage treatment 
works.
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I tested to see whether the number of rats present would alter the interaction 
behaviour and whether the current system of rodent baiting took adequate 
account of any neophobic response.
5.3 Materials and Methods
The rodent's feeding behaviour was observed in a covert way using a sewer 
system sequestered from the main system. Rats were monitored using infra­
red cameras linked through a multiplexer to a videotape recording system 
(already described Chapter 2). The system consisted of two identical parallel 
parts (based on pipes and manholes) so the rats in each part were isolated 
from those in the other.
Twelve matched rats (two sets of six Calhoun (1963) gives the average 
number of rats inhabiting a tunnel system as 5.5) were obtained from sewers 
in Kensington (London). Once caught, they were habituated to the new 
system for at least a week. After that, 6-channel parallel recording through the 
multiplexer commenced and the novel bait was introduced. Recording 
continued throughout the entire length of the study.
Many sewer baiting programmes use bagged poison baits (Bentley 1960). For 
this reason and rather than stop the trial because the food went mouldy after 
6 or 7 days, it was decided to introduce the novel food in bagged form. At the 
beginning of each trial, a bagged bait of 200g of pinhead oatmeal attached on 
string was placed on the bench of the downstream manholes.
In the first trial I introduced one rat into each test system. The following two 
trials had 2 & 3 rats respectively in each system. Different rats were used for 
each trial to eliminate the possibility of rats learning about the position of the 
novel baits and their status as food items (Barnett &Spencer 1953). Each trial
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was run for a period of 14 days. After this period it was assumed that there 
was unlikely to be any further Interaction that differed from those already 
observed® .^
A 200g mixture of maize, whole oats and wheat in equal proportions was 
introduced to the systems daily into the intakes on the upstream end to 
represent the normal food sources found within a sewer. Additionally small 
pieces of cooked chicken and fruit and vegetables (approximate 5g) were 
introduced in the system on a random basis to simulate food residues that 
enter a normal sewer system. Once in the system, a proportion of the food 
would re-circulate carried by the flow of water from the pump (which had 
varied water flow to match the daily fluctuations normally found in a sewer 
system).
On completion of the trials, each tape was viewed with all camera images on 
screen at once. The following was recorded: number of contacts rats made 
with a bait, whether the bait was taken and when? (days after the bait 
introduction), social interactions between rats to try to establish whether one 
was “dominant” (Robitaille and Bovet 1976) by looking at agonistic behaviour 
when they met. A physical contact with the novel food bait rather than 
presence of a rat in the manhole was recorded as a bait contact. Data was 
analysed using "STATISTICA®®" statistical package using one-way analysis of 
variance since this was appropriate to the groups and conditions. All P ' 
values were considered significant at P < 0.05.
Johnson and Prescott, looking at international guidelines for palatability testing of rodenticides were using four 
days of conditioning followed by four days of exposure.
StatSoft Ltd Version 5 1995.
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5.4 Results
The rats ignored or avoided the bait for an average period of 3.5 days, 
suggesting that there is a neophobic response (Garcia and Koelling 1966)
Box & Whisker Plot: 1st Contact with Balt (Days)
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Figure 18 Showing time in days to first contact against number of rats in system
Time to first contact decreased as rat numbers increased (see Figure 18) 
suggesting that competitive pressure played a part. In one of the pair of one- 
rat trials, no contact with the bait was made during 14 days of trial.
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Categorized Plot for Variable: Take Time (Days)
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Figure 19 Showing time in days to first bait consumption against number of rats in system
Full bait consumption depended on the number of rats in the network and with 
increased numbers, there was a gradual decrease of take time (see figures 19 
and 20). The average of 7.2 days (±2.27) was recorded for all trials.
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Figure 20 Showing plot of means of time to bait consumption against numbers of rats 
Contacts with the bait.
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There was a marked rise in bait contacts from a maximum of 7 (minimum 0) 
where there was 1 rat in each network to a maximum of 23 (minimum 20) for 
3 rats per network (Figure 21).
Categorized Plot for Variable: Balt Contacts / Rats
~~I~ ±Std. Dev. 
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a  Mean
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Figure 21 A categorised plot showing rat’s bait contacts against rat numbers in system 
These findings could be explained by competitive pressure for the food
source, which leads towards an increase of exploratory behaviour expressed
as an increase of contacts as rat numbers rise (Figure 22).
Plot of Means Rats to Bait Contacts F(2,3)=1.95;
p<.2873
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Figure 22 Showing mean bait contacts against numbers of rats in network
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5.5 Discussion
There were three distinct phases to the rat’s responses to new baits.
Firstly; the bait was always ignored for a varying period with a minimum of 1 
day and a maximum of 14 days. This period decreased when more rats were 
present in the system. Providing that exploration occurred and contact with 
the bait was made, then contact was normally made within a period of 
approximately 1.5 days. This period varied from never at all to seventeen 
days. This initial period of bait avoidance is consistent with what others have 
observed. Inglis for example, (Inglis et al 1996) recorded periods of 5-10 days 
when the novel container was ignored. However that was in a surface arena 
where the rats direction of travel was not constrained so the circumstances 
are not the same.
Secondly, there was a varying period of exploratory behaviour. This period 
decreased and contacts increased when there were more rats present. In this 
case, the bait was not eaten, but the rats explored the bait bag as a novel 
object. I observed behaviours, which I called "playing" as the bag was actively 
explored (as an object) without being removed from the string, and without 
being consumed. These playing behaviours were noted in all three trials, for 
different periods, before bait consumption. Play appears to be analogous to 
"sampling" (Barnett, 1956). Cowan (Cowan ef a /1994), divided adaptation to 
novel food into two processes: sampling of small quantities and subsequent 
consumption of a larger amount.
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Thirdly, the bait was accepted and consumption began. In this experiment, the 
mean time until consumption decreased from 8.5 for one rat to 5.5 days for 
three rats.
If rats made any active contact with the bait, this usually occurred during the 
first week of its introduction. However, it is also possible that, where rat 
population density is low (less than 5.5 Calhoun 1963), they would completely 
ignore the bait for the entire period allocated to traditional poison baiting 
programmes. This would mean that these programs would never be effective 
below a certain level and would always leave a residual population to recover. 
In sewer conditions, population density would probably be one of the most 
important factors shaping the feeding behaviour of rats. Increasing 
populations would lead to greater competition for food and for advantageous 
feeding sites. This competition would result in rats becoming more "daring".
As the source of food becomes scarce, a marked increase in rat’s exploratory 
behaviour was previously noted (Taylor & Quy, 1978); (Brooks, 1973). 
Currently, “Blanket baiting” is the commonest sewer-rodent control method, 
consisting of baiting an area of sewer network from street manholes. This 
method does not account for exact locations of rat colonies and relies on the 
chance that rats will encounter the bait during foraging activity. This method 
might be successful with higher infestation levels. On the evidence presented 
here, the bait inspection interval (currently 7 days) should be extended to 14 
days to provide a sustained opportunity for rats to actually take and consume 
the bait. This can be achieved if its palatable life is extended by presentation 
in sealed bags to prevent wash-off and decay.
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Chapter 6:
A long-term study of Rattus norvegicus in the London Borough of 
Enfield^  ^using baiting returns as an indicator of sewer popuiation 
levels.
6.1 Abstract:
This is a long-term study that investigates the dynamics of a population of 
Rattus norvegicus inhabiting a sewerage system in London. Thirteen years 
(1986/87 to 1998/99) of data from sewer baiting records were analysed (a 
total of 35,478 records). Manholes were baited with the anticoagulant 
Brodifacoum (0.005%) on a pinhead oatmeal bait base. Time series analysis 
was conducted on the data set to determine the underlying trend of the data 
and the population fluctuations about this trend. An exponential curve was 
found to give an accurate and realistic fit to the data and indicated that the rat 
population had decreased over the study period. Decomposition analysis 
indicated a five-year cycle best described fluctuations around this trend.
6.2 Introduction
Recent reports indicated that surface populations of Norway rats {Rattus 
norvegicus) were increasing in the United Kingdom (Battersby and Pond 
1997), (Meyer et al (1995). The 1993 National Rodent Survey (Meyer et al
1995), for example, found that infestation levels had increased from 4.4% to 
4.8% since previous surveys were conducted in the 1970's (Rennison &
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Drummond 1981). There is and was a widely held belief that in urban areas 
surface rat infestations often arose from the sewer and that sewer rat 
populations reflect and surpass those on the surface. The observed Increase 
in surface infestations with rats has, therefore, sometimes been attributed to 
both inadequate sewer baiting, and the increased use of materials in sewer 
pipe-work, which are not resistant to rodent damage (Battersby & Pond 1997). 
This contention is supported by a recent study on R. norvegicus that 
demonstrated, through an analysis of faecal material, that rats can move 
between the surface and the sewer (Bradshaw 1999). If there was a high 
degree of movement of rats between surface and sewers, it should follow that 
sewer rat infestations have increased over the period of the National Rodent 
survey (1996), as was concluded in the report of that survey. An objective of 
this study was therefore to examine the underlying trend in a population of 
sewer rats.
Populations of small mammals in natural environments in northern latitudes 
typically undergo multi-annual density fluctuations (Norrdahl & Korpimaki
1996). These fluctuations are either chaotic or cyclical and are between 3-5 
years in length (Stenseth & Imms 1993), (Stenseth et ai 1996). In Japan, for 
example, populations of grey-sided voles {Ciethrionomys rufocanus) were 
shown to undergo population fluctuations varying from non-periodic to periods 
of between 2 and 5 years in length. Flying squirrels (Giaucomys sabrinus) in 
Ontario were found to have a population cycle of 4 years in length (Fryxell et 
ai 1998). When monitoring the long-term trends in a population it is therefore
Enfield is London’s most northerly borough covering 8,199 Hectares of which 3,440 Hectares is parkland and does 
not have sewers.
118
important to take into account variations in the data around this trend. 
Relatively little information is however available on multi-annual cycles in rat 
populations from urban areas. A second objective of the study was to 
determine if sewer populations of R. norvegicus undergo cyclic or chaotic 
population fluctuations as observed for other rodents.
6.3 Materials and Methods
Data was analysed from 13 years (1986/87 to 1998/99) of records from sewer 
baiting carried out in a London borough (see appendix one). For the study a 
total of 35,478 manhole baitings were carried out. Baiting was conducted 
annually between April of one year and March of the next®°. Data were 
obtained from historical treatment records collected as part of a sewer rodent 
control programme. The data were therefore not collected specifically to 
address the objectives of the study and the months in which baiting was 
conducted and the specific methodology used were not completely consistent 
between study years.
Street manholes were selected by areas based around the wards of the 
borough and baited with the pre-mixed commercial anticoagulant, 
Brodifacoum (0.005% on a pinhead oatmeal bait base). Not all manholes in 
the borough were baited every year, and the total number baited and their 
locations, were different from year to year. A maximum of 89% of the total 
possible manholes in the borough were baited but the average was 45% and 
the continuing sample in year thirteen was only 10%®^  of the total (see
' To a year-end of March. Work was carried out during the winter/early spring.
Following year twelve, a representative 10% sample was funded by Thames W ater to continue the data collection.
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Appendix)® .^ The differences were the result of funding and selection (initially 
by the Environmental Health Officer, EHO, and later by Thames Water).
There were further differences caused by operational problems such as cars 
being parked over the manhole lids. Manholes in a selected area of the 
borough were baited over a period of one week, and then the same manholes 
were revisited during the next week (an interval of 7-14 days between baiting 
and checking). Prior to 1989, most bait was presented in sealed plastic bags 
suspended on string with a very small proportion (<2%) placed loose on 
benching, or bait trays using a Bait Depositor in the manhole. After 1989, bait 
was presented exclusively in plastic bags in the manhole because the original 
fixed bait trays had rusted away and the Environmental Health Officer in 
charge was unhappy with the effectiveness of loose bench baiting on narrow 
curved benching since it was thought loose bait was often washed away 
during rain, whereas sealed bags secured with string remained in position. 
When inspected, the bags easily revealed teeth marks if they had been 
chewed whereas loose bait had to be assessed from a visual inspection 
sometimes taken severai metres above it.
On revisiting the manhole the bait was examined for signs of consumption by 
rats. Where no bait had been eaten it was recorded as ‘no take’. When all 
bait had been eaten it was recorded as a ‘complete take’, while any other 
quantity was recorded as eaten it was recorded as a ‘partial take’. Where bait 
was laid loose, sawdust or sand was added to distinguish complete takes 
from wash-off (i.e. the bait being washed away). The rats would eat the bait 
but leave the sand or sawdust. Its presence but the absence of bait assured
■ The total number of manholes changed over the time-scaie of the study but not enough to affect the percentages.
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that rats had consumed the bait. Whereas, if both bait and sand were gone 
then excessive rainfall could be responsible. Where loose or bagged bait was 
washed away, I could not assume either a take or no take and these data 
were omitted from the analysis. Manholes that were inaccessible on the 
return visit were also omitted from the data set (i.e. due to flooding or parked 
cars making inspection impossible). This number never amounted to more 
than a few percent of the total attempted.
To simplify the results for analysis those with completed testing that on the 
second inspection showed activity were summarised as either a “take” (partial 
and complete) or a “no take”. A complete take had all bait consumed. A partial 
take had some of the bait consumed.
The proportion of manholes at which there was a take was used as an 
indicator of the rat population size. The number of rats feeding at bait stations 
was not quantified in this study. I was looking for presence rather than 
abundance. There is evidence that typically 4-10 rats feed at a manhole with 
up to 40 or 50 in some cases (Greaves 1981). In this study only 
approximately 50% of the recorded takes were partial suggesting that there 
was a relatively small number of rats feeding at these manholes. I could not 
assume a direct relationship between the level of bait takes and the rat 
population level. The average number of rats constituting a take at high 
population density may, for example, be considerably greater than the number 
at low population densities. The proportion of bait takes and the level of the 
rat population should show a broadly similar trend.
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6.4 Statistical Analysis
As the total number of manholes baited was not consistent between years 
and went from completely covering the borough down to 1791 at its lowest, 
the analysis was conducted on the proportion of bait takes recorded. The 
data was first examined visually by plotting the annual proportion of bait takes 
against the year of study. Time Series analysis was conducted on the 13- 
year data set to determine the underlying trend of the data and population 
fluctuations around this trend. Using the Minitab statistical package (release 
12 which had a time-series and trend analysis software), trend analysis was 
applied to determine which curve best described the observed underlying 
trend. Decomposition analysis was then conducted on the residuals of the 
trend analysis (de-trended data) to determine if the variation around the 
underlying trend was cyclical. The accuracy of the fit of the models was 
compared using the Mean Squared Deviation (MSD). As a guide, the smaller 
the MSD value the better the fit to the model.
6.5 Results
The plot of the proportion of bait takes against the year of study indicated that 
there was both a gradual decline in the proportion of takes (referred to as the 
underlying trend), and substantial fluctuations around this decline. It was 
found that an exponential curve provided the most realistic fit to the data 
indicating a gradual decline in the number of bait takes over the thirteen-year 
period. Figure 24 illustrates the observed proportion of takes over the study 
period fitted with an exponential curve together with a five-year forecast.
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Figure 23 The proportion of baited manholes at which rodent bait was taken over a 
thirteen-year period in a London sewerage area. The exponential curve indicates the 
underlying trend in the data.
This curve was chosen as it gave a good fit to the data (MSD = 0.0011 ) and 
did not indicate that the proportion of bait takes would be reduced to zero (i.e. 
eradication of the population) since it could not theoretically pass below zero 
to show a negative population. Over the study period the proportion of bait 
takes decreased significantly from approximately 0.17 in 1986/87 to 0.03 in 
1998/99 (F=17.75, P<0.001: df 1,11). It needs to be borne in mind that the 
sampled manholes did not always include all of the previous sets year on year 
except for 1989-90.
Trend analysis was combined with decomposition analysis to produce a 
model that enabled both the underlying trend and the population cycles to be 
forecast. This was achieved by performing decomposition analysis on the 
residuals of the exponential curve to examine the fluctuations around this 
curve. Decomposition analysis was performed to examine the fit of a possible 
three, four and five-year cycle. These intervals are typical of other small 
mammal populations (Stenseth & Imms 1993) however, the longer the cycle.
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the more difficult It is to identify statistically in a thirteen-year data-set so 
longer cycles would not be identified.
By combining the underlying trend (obtained from trend analysis) and the 
population cycle (obtained from decomposition) an overall model was 
produced. A model combining a five-year cycle with the exponential trend 
was found to explain more of the variation in the data than any other cycle 
(Table 1).
Table 1 The fit of models combining the exponential curve with either a 3,4 or 5-year cycle 
(indicated by Mean Square Deviation, MSD)
Multi annual cycle length Combined model trend and cycle MSD
3-year 0.000888
4-year 0.001117
5-year 0.000460
Figure 24 shows the actual proportion of takes observed together with the 
combined 5-year model showing what it (the model) would have predicted for 
the same period. The five-year cycle gave the best fit (see table 1 ). Figure 25 
also shows a 5-year forecast for the following five years.
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Figure 24 The predicted proportion of bait takes over the 13-year period, produced by 
combining the underlying exponential curve, with a five-year cycle, using decomposition
analysis. A 5-year forecast is also given® .^
6.6 Discussion
The long-term study indicated that the proportion of bait takes decreased 
significantly over the period, from a proportion of 0.17 bait takes in 1986/87 to 
0.03 in 1998/99. This suggests that the rat population also declined during 
this period. The decline in the proportion of bait takes over the study period 
was found to level off at around one to two percent of bait takes. This 
suggests that with continued baiting the population would not have been 
eliminated from the system. This finding is consistent with the widely held 
view that it is not practically possible to eradicate rat populations in sewers 
(Banfield 1997).
^  The Minitab statistical package used did not allow the fact that bait takes cannot be negative to be modelled and 
thus two forecasted values which were just less than zero. These have been replaced by zero - this is a standard 
way for statisticians to resolve this problem.
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Although it is not possible to assume a strictly linear relationship between the 
level of bait takes and the rat population level, it is difficult to find any other 
reason for the decline in bait takes over the period than a reduction in the 
population. There were no reported problems of resistance or avoidance to 
this formulation of bait over the study period. If the pattern observed in the 
London Borough of Enfield is representative of the rest of the London sewer 
network, sewer rat populations may have decreased or migrated to the 
surface during the periods spanned by the National Rodent Survey. The 
findings suggest that the perceived increase in the sewer rat population 
(Meyer et al 1995) may be unfounded at least in this part of London. Further, 
as surface and sewer populations appear to show opposite trends according 
to the NPTA (2000) survey, and if the increase in surface activity is accurate, 
then it is unlikely to be due to movement of rats from the sewers. By contrast, 
Jessamy Battersby's (2005) referring to data from the National Game Bag 
survey shows a long-term decline in rural areas although a recent upturn is 
highlighted. The NPTA (2000+) survey doesn’t show the sources of its 
information so it is difficult to tell whether the upturn they’ve found is 
consistent with Jessamy Battersby’s (2005) information.
Although it is important to control rats to prevent damage to the sewer 
infrastructure, their disease carrying potential should be a significant factor in 
control decisions. There is very little current data in the literature on the 
prevalence of rodent borne diseases in sewer rats. However in a recent UK 
survey of 509 specimens of R. norwegicus, surface trapped on agricultural 
land, a total of 13 zoonotic and 10 non-zoonotic parasitic disease causing
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species were found to be associated with these rats (Webster & Macdonald 
1995), These included Cryptosporidia parvum, Capiiiaria spp. and Listeria 
spp. in 63% 23%, and 11 % of rats sampled respectively. The study also 
found Yersinia enterocoiltica, Leptospira spp., Pastureiia spp. and 
Toxoplasma gondii in surface trapped rats. The wide range of pathogens 
found to be associated with rats illustrates the continuing potential of rats to 
play a role in the transmission of infectious disease. However, as this 
population study suggests that the sewer rat population has declined, the 
threat to public health, which they present should also have declined.
In addition to the observed decline in rat numbers, as indicated by bait takes, 
the rat population also appeared to undergo multi-annual cycles (best 
described by a five-year cycle) similar to that identified in a variety of other 
rodent populations (Stenseth and Imms 1993), (Stenseth et a /1996) and 
(Fryxell et ai 1998). The proportion of bait takes was found to fluctuate by up 
to 10% between one year and the next. The mechanisms driving multi-annual 
cycles in rodent populations are poorly understood (Lomnicki 1995). The 
identification of such a cycle within a sewer population of R. norvegicus 
suggests, however, that long-term trends may only be identified with 
confidence, if they are sampled consistently over a period of several years. In 
the present study if only two samples were taken, the first in 1987/88 and the 
second in 1991/92, it would have appeared that the population was increasing 
(see figure 25).
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Large scale sampling such as that of the National Rodent Survey are perhaps 
sufficiently statistically robust to draw conclusions on differences in rat 
population levels between sample years. However, rats have a high 
reproductive potential and their populations show an inherent variabiiity. This 
type of study may not be sufficient, therefore, to indicate a long-term trend In 
rat populations. In addition, the variation observed in many rodent 
populations is cyclical, and there is some evidence that these cycles can be 
synchronous over large geographical areas of up to hundreds of square 
kilometres (Norrdahl & Korpimâki 1996), (Steen etal 1996). It may be 
considered important, therefore, in studies of rat populations on any scale to 
survey repeatedly over several years in order to separate both cyclical and 
non-cyclical fluctuations from any underlying trend.
Because this study was not conducted as a controlled experiment, it is not 
therefore possible to determine if the observed decline in bait takes over the 
13-year period was the result of sewer baiting. It is likely however that the 
decline found was the result of a combination of factors, which may include 
improvements in infrastructure affecting harbourage and also changes in food 
supply, though baiting will play a role.
With the addition of data on these and other variables such as climatic factors, 
changes in sewage composition, improvements in infrastructure etc., the data 
set could be expanded to form the basis of a model of the sewer rat 
population dynamics. The final model could allow rat numbers to be forecast 
with greater accuracy. Control programmes could, as a result, be directed 
more effectively and their success monitored more closely. The early records
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are for the baiting of all the manholes in the borough (see Appendix 1 ). Thus 
the picture is perhaps broader than that produced by (Barnet and Bathard 
1953). Further, the data consists of tens of thousands of records over a wider 
area than Barnet and Bathard®"^  studied, which would help to ensure a more 
accurate picture. Since the data is also reasonably consistent over time, in 
that many, but not all of the manholes tested are common from one year to 
the next, then a reasonably robust year on year picture emerges.
The Long-term study investigates the dynamics of a population inhabiting a 
sewerage system in a London Borough.
Time-series analysis was conducted on this data set to determine the 
underlying trend of the data and the population fluctuations about this trend. 
An exponential curve was found to give a realistic fit to the data and indicated 
that the rat population had decreased over the study period. Decomposition 
analysis Indicated a five-year cycle best described population fluctuation 
about this trend.
' A  total of 85 manholes in two areas over a four year period Barnet and Bathard 1953
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CHAPTER 7
Are some areas of sewer network prone to re-infestation by Rats {Rattus 
norvegicus) year after year?
7.1 Abstract:
Records of sewer baiting work for three London Boroughs were examined to 
see whether there were locations that exhibited rodent activity more often 
than would be expected by chance. More than 100,000 baiting records were 
checked covering fifteen years of the London Borough of Enfield and five 
years each of the London Boroughs of Barnet and Royal Borough of 
Kensington and Chelsea (RBKC). The additional boroughs were included for 
comparison to see whether any effect observed was confined to Enfield or if it 
was a feature that could be found in both inner (RBKC) and outer city 
locations (Enfield, Barnet). “Inner” in this case, referring to areas closer to the 
centre of the city which might be expected to contain a higher proportion of 
older sewer networks. There was no access to baiting records of comparable 
length and consistency to those that were generated for Enfield, which is why 
only a five-year time-scale was examined in the additional boroughs. Each 
borough was divided into 1 Hectare squares corresponding in their co­
ordinates with those found both on Ordnance Survey maps and also Thames 
Water Utilities asset maps. The numbers of sewer baiting records per square 
were logged and then the number of positive bait take records for all the
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manholes in that square on a year on year basis. The data were subjected to 
a weighted statistical analysis. Some areas were shown to consistently exhibit 
statistically significantly higher amounts of activity than others suggesting that 
rat distribution is not a matter of chance and that there must be environmental 
and other factors that make certain locations attractive to rodents. Areas with 
significant hotspots, repeating year-on-year were found in all three boroughs, 
suggesting that the phenomena are widespread. There is some evidence 
linking areas of high manhole density with hotspots but we examined all areas 
equally.
7.2 Introduction:
The number of rats in any particular habitat is dependent on the physical and 
biological conditions of that habitat with more favourable environments 
supporting more rats (Davis 1988). The rat population in an environment will 
grow until the ‘carrying capacity’ of that environment is reached. Ecologists 
define carrying capacity as the maximum stable population size that a 
particular environment can support over a relatively long period of time 
(Campbell & Reece, 2005).
The carrying capacity of an environment will be dependent on available 
resources but there are several limiting factors such as food and water supply 
and number of potential nesting sites. The population may fluctuate due to 
changes in these limiting factors. The enclosed environment in sewers can 
be broadly classified by six factors, namely, food, water, harbourage.
131
parasites/disease, predators and competitors. All of these factors have the 
potential to regulate the population size in some way.
Rats require approximately 28 g of dry food and 14 to 28 g of water daily 
(Brooks 1973). As water is abundant in sewers, it Is suggested that food and 
harbourage (a secure place to sleep and breed) primarily limit the natural 
populations of rats while the effects of competition and disease play a 
regulatory role. Rats are thought to find food near cafes, markets and in older 
sewers with poor self-cleaning where food particles often accumulate (Meyer 
2004). Old sewers and drains; the so-called "Victorian Sewers” that are in bad 
repair or with redundant connections not sealed-off can provide harbourage, 
as can poorly maintained (private/domestic) systems with faults that allow rats 
to burrow into the surrounding earth. Modern pipework and sewer design 
practice, on the other hand, are thought to present smoother, less hospitable 
surfaces with fewer faults and hence should offer fewer food and harbourage 
opportunities (Meyer 2004)
Rat populations are likely to be affected by a wide array of parasites, diseases 
and also by interactions with other rats (i.e. Intra-specific competition). These 
factors are generally termed density dependent meaning that their effect is 
higher at high population densities. In rodents, intra-specific competition is 
suggested to be one of the most important of all density-dependent factors 
(Brooks 1973), (Davis 1988) and high population densities can lead to 
increased aggression, mortality, nest destruction and nest abandonment 
(Brooks 1973).
In UK sewers, with the exception of human sewer baiting with poison, rats do 
not have predators. Furthermore, there is concern about the effectiveness of
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some current sewer baiting practices. Barnett & Bathard (1953) found that 
sewer rat population levels reached pre-baiting levels six months after baiting 
to near extinction. This is likely to be due to one or more of the following: re­
invasion from the surface, re-invasion from contiguous systems and breeding 
by rats that survived the poison treatment. It is likely that baiting will result in 
a decrease in intra-specific competition resulting in an increased supply of 
food and harbourage for any rats surviving the treatment. As a result, juvenile 
survival will tend to increase until the carrying capacity of the environment is 
reached and competition again increases (Barnett & Spencer 1951).
More recently, I found a declining sewer population in the same area, whilst 
conducting a long-term study (Channon et a /2000). This indicates that either 
intra-specific competition may not be such an important factor as was 
previously thought, or that available resources within the system are declining 
thus preventing recovery to previous levels. If baiting has little long-term effect 
and the carrying capacity exercises its ordinary influence, the distribution of 
rats within the sewerage system should reflect the carrying capacity of the 
environment in some way.
If the subterranean environment is not homogeneous across the whole 
sewerage network and if favourable locations occur irregularly where several 
favourable factors combine, the distribution of rats should not be random and 
even but aggregated in the more favourable locations. If the favourable 
factors are permanent features such as mainly dry locations (Channon et al 
2004) or a hole in a sewer wall that can be used for nesting combined with a 
regular daily discharge of food from a restaurant. Then they should provide a 
favourable location for rats capable of transcending any attempt at eliminating
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them with poisons in that surviving rats or immigrants would have all the 
conditions right for a quick recovery. These locations ought to show rodent 
activity year after year and could thus be termed rodent “Hotspots”, 
if hotspots are thus identified, this should reflect in some way the balance of 
the foregoing limiting factors and should potentially allow the focussing of 
resources to control or eliminate the problem of having rats and inter-alia a 
potential source of disease transmission close to human housing.
Aims
The objective of this study was to establish if hotspot areas existed or not. I 
worked from the null hypothesis that if all other conditions were the same and 
unchanged, rodents should be evenly distributed throughout the sewer 
network.
7.3 Methods
The data used were street manhole sewer baiting records collected over the 
period between 1986 and 2001 from the borough of Enfield and 1986-1990 for 
the boroughs of Barnet and Royal Borough of Kensington and Chelsea 
(RBKC). Manholes were baited with Warfarin laid above the flow on the 
benching in the early years and Brodifacoum^® in later years. The data
' The change of poison types was in accordance with a change of treatment specification in the contract.
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selected were the results of the first inspection between seven and ten days 
following the placement of rodent baits in sewer manholes.
Complete or partial consumption of the bait was taken to indicate the 
presence of rats. It is not possible, from the data, to determine exactly how 
many individual rats there were and I looked for presence not abundance. 
There was no presumption that any year's baiting might have completely 
eliminated all the rats in that area.
The raw data consisted of over 53,000 records from Enfield, 27,000 records 
from Barnet and 20,000 records from RBKC. Each Borough was divided on a 
map into a series of one-hectare squares corresponding in their co-ordinates 
with those found on Ordnance Survey maps (1:25,000 2001). This size tallied 
with the Thames Water asset maps for the area showing the locations of 
sewers under the streets. These squares were entered on an Excel based 
spreadsheet in a schematic format to represent the borough as a map (figure 
26).
The number of manholes baited varied from year to year. No account has 
been taken of weather conditions or time of year in any individual year. The 
majority of the data were collected during the winter months to ensure that the 
pre-breeding population was sampled.
The baiting data were entered on an Excel spreadsheet and subjected to a 
weighted analysis®® allowing adjustment for the number of manholes per 
square and the varying total rat population from year to year. This was 
necessary to ensure that, where dissimilarities between individual square’s 
data contributions occurred, they did not unduly cause the results and their 
interpretation to become biased.
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Each square was given an alpha-numeric identity to enable data attribution. 
Thames Water provided a printed asset map of each square showing the 
location of all the manholes within that square. The number of foul water or 
combined manholes was counted and added to the Excel spreadsheet.
This process was repeated for each of the fifteen years of the Enfield data 
and for the five years of the Barnet and RBKC data. Not every area within 
each borough was baited every year. RBKC had multiple baitings, eight within 
five years. Of these, the winter sets have been selected since these are 
common to the other data sets. Because the data were handled in a slightly 
different way between years and it was not possible to assign some manholes 
to grid squares if they fell on a map boundary, the numbers used vary slightly 
from those collected as raw data. However, given the large data-set involved, 
this would not have any impact on the overall results.
The sewer baiting records for each year were examined and the takes for 
each location were cross referenced against the appropriate asset map 
squares and entered into the spreadsheet.
I also entered, for each square, the number of takes and calculated the 
proportion of takes.
In some years, more manholes were baited than in others, and the overall 
results were weighted to ensure that the interpretation of results for these 
years did not cause distortions by equalising the contribution of each year’s 
results.
To look at each year’s results in isolation, I used a Binomial test (Hollander & 
Wolfe 1973) to compare the observed number of takes in each hectare 
square with the expected number (i.e. assuming an equal chance of finding a
See information on weighting at the end of chapter two 2.2.2.
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take in all manholes). A large number of squares were found to be statistically 
significant at the .05 level and above. The test was therefore repeated more 
stringently to identify squares with, for example, five times the average 
number of takes. Since there were hundreds of tests (one for each square), 
the Bonferroni correction (Senn 1997) was applied which makes the results 
more rigorous by reducing considerably the chances of a type two error®^ . 
There were 250 squares in Enfield, 340 in Barnet and 66 in RBKC containing 
sewers. Without the correction there would be a 1 in 20 chance of the result 
for any particular square giving a result in error and so in the context of one of 
the study areas, this could potentially lead to mistaken interpretation of results 
in about 12 or 13 squares. However, using the correction, there was only a 1 
in 20 chance of any one square in the whole grid of up to 340 squares giving 
a positive result in error. Given the number of squares involved, this gives a 
dramatic increase in statistical power. In terms of p-values®®, a p-value of say 
0.0001 for a square in Enfield was multiplied by 250 (as there were 250 
squares) to get 0.0250 and this was considered significant as it was less than 
0.05.
The data were plotted as an area graph where each square represented the 
corresponding 100 metre square area on the Ordnance survey map.
There were areas of parkland that had no sewers and areas of housing which 
had no recorded takes. These are shown as the background level shading 
(refer to chart legends on figure 26).
You commit a Type II error if you fail to reject the hypothesis tested when a given alternative hypothesis was true, 
in statistical hypothesis tests a p-value is the chance or probability of obtaining a result at least as extreme as a 
particular data point, always assuming the data point was the result of chance alone. The point that p-values are 
based on this assumption is very important to their interpretation.
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Those areas that had high takes in a particular year are represented by 
differing shadings for the number of years involved as In figure 27.
Those that showed consistent returns were examined to see whether this 
could be a chance event or whether the results showed any statistical pattern. 
If locations were found that consistently showed rodent activity year on year, 
these areas were visited to see whether there was anything peculiar about the 
age or type of surface buildings that might give a clue to their attractiveness.
If such an area were found, Thames Water would be approached to see 
whether there was anything about the age or condition of the sewers beneath 
which might explain the presence of a thriving rat population.
I checked for correlation between manhole density and hotspots using 
Spearman’s non-parametric rank correlation test (Hollander & Wolfe 1973) 
(For low density, i.e. 1 to 11 manholes per grid square, I calculated the 
average number of years where the incidence of takes was more than 5 times 
the expected value. This was repeated for four higher density levels to provide 
5 pairs of data for the test).
Further charts were produced showing the distribution of rodents throughout 
the system at greater than five times the expected value (Fig 28). The 
“expected value” was derived from the total number of takes, divided by the 
total number of manholes, multiplied by 100. The focus of measurement now 
became the number of years at which high activity was seen. Because of the 
complexity of the data the binomial test was replaced by a multinomial test 
(Evans et al 2000). Significance for interpretation was set at the .05 level. 
Testing for more than five times greater than average is far more stringent 
than testing to see if numbers are just greater than average, making the
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conclusions very robust. It would be possible to reveal further locations by 
setting lower standards but, using the more stringent test, it is hoped that the 
locations that were identified will reveal more easily the common 
environmental factors that make them special. With this study, the priority is to 
see whether “Hot spots” exist or not.
Enquiries were made with Thames Water engineers concerning the age and 
amount of maintenance or improvement work carried out in areas of Enfield 
where hot-spots were found.
Enfield
Barnet Walham
Harrow Hjring«y Forest
RedbrkJBe H^enng
HllHgdon ^ ------------  amC i t y  T o w e rEaïng Westmliwtei H am liif
l O U t h M J *
Hounslow Lamb#»
Richmond
Bromley
' Merton
Kingston
Sutton Croydon
Figure 25 A map of London, showing the locations of each of the boroughs. Enfield and 
Barnet are at the top. The Royal Borough of Kensington and Chelsea is to the left of the 
middle and marked K&C^.
The London borough of Barnet is adjacent to the London borough of Enfield 
and is similar in terms of size, range of housing densities, housing ages and 
sewer construction dates.
”  www.ldan.org.uk/cms/view/imaQes/borouahmap.qif Image may be scaled down and subject to copyright. Checked 
may 2007.
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I chose to include the five years of data for this borough in the study to test 
whether any result found for the London borough of Enfield was replicated in 
other similar boroughs or was instead an artefact of some factor peculiar to 
that borough alone.
As can be seen from figure 25, the Royal borough of Kensington and Chelsea 
(K&C) is quite a small London borough in terms of surface area and the 
construction of its sewers dates back to the beginning of the last century and 
earlier. The human population density is high (“Kensington & Chelsea is also 
the country's most populous local authority with more than 13,000 people per 
square kilometre”)^
I included the data in the study in order to see whether any effect found in the 
Enfield data (an outer London borough) would be replicated in the centre. 
However, it was difficult to format the RBKC data in a way that would fit into 
the study because the borough had eight baiting cycles in the five comparison 
years. Even though I selected the first in each year’s data only, I cannot 
discount the possibility that later baiting cycles had an effect upon the 
subsequent year’s figures. However, since I was only using the data to 
corroborate the existence of Hotspots in Inner City areas, I feel that it is 
sufficiently robust to clarify this point. Further, as previously argued, if the 
contributory environmental factors are strong, population recovery would still 
be expected to be rapid even if several baiting cycles had taken place.
I did not apply Spearman’s non-parametrical test to RBKC and Barnet data 
because each only had a five-year data set which is too small a sample to 
provide a meaningful result.
http://www.londondirectory.co.uk/Kensington_and_Chelsea/ checked 12/2007
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Within the tests, the null hypothesis was that rats would be equally likely to be 
found in each manhole within the system.
It was important to determine how often annual baiting led to a positive 
indication of rat presence or activity at each manhole.
I recognise that inconsistencies exist between data sets and have applied 
weighting and other statistical measures to diminish their effect (see section 
2.2.3). In view of the very large number of records examined, and the 
statistical tests used, the chances of a spurious effect being revealed are very 
low and are taken into consideration in the discussion.
7.4 Results
Those areas that had high takes in a particular year are represented by 
differing shadings for the number of years involved (Figs 28, 29 and 30,)
Those that show a statistically significant level are marked "SIG"^°\ I found a 
number of squares for each year, which were significantly greater than 
average and a smaller number, which were more than five times greater 
again.
I did not expect to find significance in squares with only a few manholes 
because they have low weighting in the analysis. There is significance in a 
few such squares and these relate to particularly high takes. However these 
are discounted to avoid the possibility that they are an artefact generated by 
the use of weighting rather than a genuine effect.
All uses of the word “Significant” In this study are in a statistical context and i have avoided using the word in any 
other context to avoid possible confusion.
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7.5 Results: London Borough of Enfield
I chose to include the fifteen years of data for this borough because it was the 
largest single data-set of sewer baiting records that I had access to at the time 
and I already had an idea of rat population trends from the thirteen year study 
(Channon et al 2000) which covered some of the same area.
A chart was produced showing the distribution of manholes throughout the 
system in Enfield (Fig 26).
Enfleld Number of manhdei per grid iquere Avanga number par grid : 30.2
Figure 26: Schematic area map of Enfleld showing number of manholes per grid square 
(Ha). The large blue area in the upper left of the map is an area of parkland with no sewers or 
manholes. The differing colours show the number of manholes in the square. The density of 
manholes is clearly non-uniform hence the weighting I used to allow for this factor in the 
statistical tests.
On subsequent charts, not all highlighted squares (i.e. squares with more than 
the expected number of bait takes) are denoted significant. This is because 
the statistical tests assigned lower weighting to squares where there were a 
lower number of manholes within the square. Those that remain show clearly 
that hotspots do occur where a square has a multiple of significance.
Charts were produced for each of the fifteen years in isolation but only the 
one for 1987 is presented here as an example (Fig 27).
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I Enfleld 1987 par 100 manhole* valu* if dlMilbullon of rat* b  unMorm : 2.4f-
JO manhole: 
0 takes 
1 -5
Expected value is total number of hits divided by number of manholes, multiplied by 100  j_
17x means that there were signifieandy more than 17 times the expected number of takes in this squats : i
Figure 27 Enfield 1987. Squares showing takes and levels of significance if any for each 
grid square The differing colours show the density of rat activity (expressed as number of bait 
takes per 100 manholes). X indicates statistical significance. Multiples of X indicate the 
number of times more than basic significance observed.
In 1987 seven squares showed significantly higher activity than would be 
expected if hotspots did not occur (using the Binomial test). All of the annual 
charts showed significant squares.
The next figure covers all fifteen years together (Fig 28) and only counts 
squares with more than 5 times the average level of statistically significant 
activity. The different colours show the number of years where a high 
proportion of takes was found at that level. This was significant for five 
squares and so these count as hotspots (using a Multinomial test).
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Enfleld |Yemr# witti >"6 x expected
—  I T r  i I
|0 mmnhol*: 
0 years 
1 -1 
2 -2
3 -3
Figure 28 Enfield squares showing multi-year activity and squares with greater than five 
times average significance. The colour key now indicates the number of years that a 
particular square cleared this threshold.
To explain how these results arise, I will focus on one Hotspot square (Enfield 
K, 18 which is the bottom left square marked “sig” in figure 28 above and 
showing as a 7 on the colour scale) as an example and explain the result (see 
Table 2).
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Table 2 Enfield square K,18 data showing years with greater than five times average yearly 
significance activity
Enfield
Square
K18
1987 1988 1989 1990 1991 1992 1995
Takes 23 24 17 11 2 11 5
Takes 
per 100 
manhol 
es
76.7 80.0 56.7 36.7 6.7 36.7 16.7
Averag 
e for 
Enfield
2.4 3.2 10.4 5.7 0.3 3.5 1.1
Ratio 32 25 5 6 21 10 15
This Is the significant square marked ‘17x’ in Fig 27. In 1987 it had 23 takes 
from 30 manholes which equates to 76.7 takes per 100 manholes. The 
average for Enfield that year was 2.4 per 100 manholes, which is the 
expected value for a random distribution of rat bait takes; thus this square had 
32 times the average takes. The p-value for this square is extremely small 
(p<0.0001). Even if the average rate were 17 times as high this square would 
still be significant (p<0.0001, or p=0.021 after the Bonferroni correction) and 
so I say confidently that there were more than 17 times the expected number 
of takes in this square.
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This square Is also significant in Fig 28 (bottom left corner marked ‘SIGT and 
has a dark shading (cross-hatched) on the chart because in seven years it 
had more than five times the average takes (1987,1988, 1989,1990, 
1991,1992 & 1995). In 1987, for example, this square has 32 times the 
average, which, being more than five times the average Is counted for 1987. 
In other years the relative number of takes was not so high but is still more 
than five times the average. This square is significant (p<0.0001 after the 
Bonferroni correction) from the average amounts of takes in a square and so 
counts as a Hotspot.
7.5.1 Environmental Factors
I looked at some of the squares both on the ground and in the Thames Water 
asset base to try and find environmental factors that might explain the 
observed results. Age of Sewer did not seem to have been a factor. 
Construction dates ranged from 1912 to 1974 with a large proportion in the 
1930’s. The dates reflected, for the most part, when those areas of housing 
had originally been constructed.
Maintenance records were not available in a format that could be easily 
related to the way the statistical data was examined, in that renewals crossed 
the boundaries of many squares. Repair works may either have spanned 
several squares or be too localised to have had any overall impact on an area 
the size of the square.
There does not appear to be a link between the density of manholes in an 
area and the presence of rats. There are many squares of high density of
146
manholes which do not show significant rat activity. The density of manholes 
tends to reflect the density of housing and spacing of streets and is a function 
of the number of individual connections that the builders made to the 
sewerage system. Even though there were more subterranean pipe and 
connections in some blocks than in others, the data did not show that there 
was more rodent activity there.
I checked for correlation between manhole density and hotspots in Enfield 
using Spearman’s rank correlation test. Considerable significance was shown 
(p<0.001) but the magnitude of the effect (0.43 at best) was not high. Values 
of .7 or higher are needed.
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7.6 Results: London Borough of Barnet
The results show quite conclusively that hotspot effects are not confined to 
Enfield alone and hotspots appear also in the London Borough of Barnet.
A chart was produced showing greater than five times the expected value. 
This shows clearly that hotspots do occur. The different colours show the 
number of years where a high proportion of takes was found. Note that on the 
colour scale on the side of figure 29, only colours are utilised since there are 
only five years in the Barnet data-set.
A number of hotspots are apparent and of key interest are the “SIG” squares 
which have more than five times the expected values calculated over a four- 
year period. (Fig 29).
Bmm#t Yaars wtth >-6 x axpectadT - f
|0 manhol#: 
0 years 
1 -1 
2 -2
3 3
4 -4
5 -5
Expected value is total number of takes divided by number of manholes x  100
Figure 29 Barnet squares showing number of years with activity and those with greater 
than five times significance.
148
Hotspots seem to be clustered in one part of the borough on an area of higher 
ground and this factor was followed up in other work (Channon et al 2006b).
7.7 Results: Royal Borough of Kensington & Chelsea (RBKC)
Squares were made using the same criteria as before and the data was 
examined in the same way. Charts were produced showing five times 
expected values (Figure 30)
RBKC Y ura  wHti >«6 x ex p en d   34-
__lo iranholesl
0 yaars
2 -2
3 -3
4 -4
S -S
Figure 30 RBKC squares showing number of years with activity and those with greater than 
five times significance. Note that this chart too only shows 5 years.
It can be seen from this chart that significant results were found in eight 
squares demonstrating that Hotspots occur in RBKC too and that this is not a 
feature confined to the more suburban boroughs. Note also that the significant 
squares for RBKC all relate to only one year with more than 5 times the 
expected number of takes and thus I have not found a year on year effect 
using this criterion.
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7.8 Discussion
It is clear that hotspots occurred In all boroughs although the evidence is 
stronger in Enfield and Barnet than RBKC. The number of statistically 
significant results found means that the null hypothesis that rodents are 
evenly distributed amongst the manholes must therefore be rejected in favour 
of the hypothesis that rodents are not evenly or randomly distributed within 
these sewerage systems.
I cannot point to the exact number of rodents involved but I can clearly see 
that, even having discounted areas with low manhole numbers, for whatever 
reason, some locations in the sewerage network provide an ongoing attraction 
for rodents year after year whilst others rarely, if ever, exhibit rat activity.
I have found no current simple (single-factor) evidence to link the hotspots 
with the age of sewers or the type of human housing or economic activity. It 
may be that a combination of factors plays a part but it was not possible to 
explore that further within this study. It became clear that much more data 
was needed about all the possible factors that could contribute both singly 
and in combination. Therefore the decision was taken to make the factors that 
predispose a location to becoming a hotspot the subject of another study, 
which is currently underway.
There is a tendency in the press, to link higher housing density with Victorian 
(1837-1901 ) sewer systems rather than to link these properties with age- 
related defects that might lead to rodent infestation. Langton (Langton et al 
2001 ) found that houses on plots larger than the surface area of the house 
itself were more likely to have rat infestations than houses that were packed 
more closely together in terraces.
There is some evidence to link hotspots with areas with high manhole density.
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As shown in section 7.5, the results for the Spearman’s test, were not 
significant at P<0.05. However, the reasons for the link need to be fully 
explored and the data refined before proceeding further. More of the variance 
is unexplained than explained leading to the conclusion that there are other 
factors remaining to be identified.
One factor which did change over the time scale was the areas within Enfield 
which were baited (see appendix 1) and whilst there was some overlap, they 
were not completely identical year on year. This variation may account for 
changes in the number of hotspots shown from one year to the next but would 
not have an effect upon the hotspots themselves since they were tied to a 
location and not to a year. If that location were not baited, then it would not 
show as significant in that year. It is possible therefore that the hotspots which 
appear one year and not the next were there but untested.
Another factor, which did change over the time-scale, was continuing 
maintenance of and repairs/improvements to the sewer system that may be 
mechanically decreasing the rat carrying capacity of the system. If repair and 
renewal has an effect, one indicator one would expect to see, is a decrease in 
hotspot and population numbers over the time-scale of the study and this has 
occurred (Barnet et a /1951 ) although it is not thought to be a sole cause of 
the observed decline in the rat numbers. Although there were areas of 
Victorian housing within the study area, they were not amongst those that 
exhibited hotspots. Since hotspots also occurred in areas that were built in 
Post-Victorian times, it seems clear that the popular perception of badly 
maintained Victorian sewers as a sole cause of rat problems may well be 
erroneous and age, maintenance and condition confused. Thames Water
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have highlighted that less than 3% of the total network London-wide consisted 
of pipe-work built in this period, so it is not surprising that there was no noted 
effects that linked Victorian sewers with hotspots. The proportion of Victorian 
housing in the study areas was higher than 3% in RBKC but similar in the 
other areas.
I have been unable so far to point to any other particular (single) surface 
feature that might be a part of a multiple factor effect other than height above 
sea level. There seems to be a commonality for instance, amongst those 
squares examined in the lower right-hand quadrant of Barnet in that they all 
surround a valley and the hotspots occur only on the high ground.
If there are factors such as surcharging (system flooding) controlling rodents 
in lower lying areas, these factors may be more effective than the use of 
poison baits. As stated, previously, surcharging is the subject of another 
study. Despite poison baiting, the areas identified as hotspots exhibited 
activity year after year suggesting that the baiting had little long-term effect. 
The survey results of the UKWIR study (Ashley et al 2000) found that the 
average number of rodent complaints originating from private networks was 
56% and investigating the reasons behind this figure might reveal why areas 
with these might become hotspots. By contrast, other areas without combined 
systems or Section 24 Sewers rarely exhibited rodent problems.
The presence of Section 24 and Combined Sewer systems is a feature 
common to many of the Hotspot Areas identified. However, it is fair to say that 
they also occur in areas where there are no hotspots.
The comparison of Hotspot and Non-Hotspot areas, “Hotspots & Notspots” is 
the subject on an ongoing study for Thames Water to attempt to identify
152
common factors amongst Hotspot Locations and will not be covered in any 
greater detail here.
There Is also a question about how representative the three boroughs studied 
are of the London Boroughs as a whole. I did do an unpublished study 
(Channon 2003) for Thames Water using data collected by their main Sewer 
Baiting contractor over a two-year period for the whole of the London 
Boroughs.
Whilst a number of caveats arise about making comparisons between the two 
sets of data and the data doesn't overlap with this study, the average of 
infestation percentages across London and that for Enfield are remarkably 
similar and certainly in the same range. The data shows 6.15% for Enfield and 
in the same year, the continuing long-term study shows 7.7%.
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Chapter 8
8.1 General Discussion
It is probably challenging for the reader to separate, in this work, the picture 
from the frame or, in this case, the rat from its environmental and commensal 
background. It is the sewers and what happens with regard to them which 
gives the work much of its context whilst, of course. It is the sewer rat which is 
the real focus.
I have separated this discussion into sections to cover each of the separate 
chapter contributions a little more widely with some general sections at the 
end.
8.2 Separate Rat Populations?
I set out to establish whether sewer rodent populations were separate from 
surface ones. The interceptor trial along with evidence from other researchers 
mentioned in the discussion in chapter 2 and a better understanding of sewer 
construction showed that popular conceptions of the sewer habitat were 
misconceived and that rats were not constrained by interceptors and could 
easily enter and exit a sewer network. Interceptors are often a factor in sewer 
rodent problems. Battersby et al (2002) lists displaced/missing caps to 
interceptors as the fifth most common cause of rat problems as assessed by 
local authorities and broken private drain/sewer as the second most common. 
We now know from this work that rats can easily negotiate interceptors within 
and from the sewers, we don’t know how readily they would do this from the
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surface and this aspect needs Investigating. However the main value of this 
work is In showing that there isn't a separate and confined rat population in 
the sewers.
8.3 Sewer Rat Behaviours
I also was looking to see whether rats could occupy sewers readily and could 
colonise easily. The work on preferred locations showed that rats liked to find 
and use dry locations within the network and used these locations for 
behaviours that were distinct from those occurring In wet areas. It is uncertain 
how frequently these dry locations occur but the Hotspot study, which looked 
at the distribution of rat activity hotspots, does suggest that, if dry locations 
are a necessary condition of occupation, they may not be ubiquitous. Thames 
Water is in the process of inspecting the entire network by camera, recording 
the results and listing faults found, including the presence of rats. The 
numbers found are quite low (Channon 2003). It might help to see If this 
record can be accessed and searched for the number of dry locations and 
their percentage as a proportion of the whole. Drummond (Drummond et al 
1972) notes that once a section of sewers had been cleared of rats, freedom 
from any serious defects of the sewers in the study area played an important 
part in preventing reinfestation. However, he does not mention the presence 
or absence of defects in other areas so it is uncertain from his work as to 
whether their presence was necessary for an infestation to exist in the first 
place.
Two of the studies presented here (Bait trial and Long-term) of the activity of 
rats in sewers were based around their interaction with sewer bait put down to 
control them. The responses to the bait trial provided additional information
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about how rats in sewers react to the introduction of new objects. The value of 
this work lies in the understanding of rats’ behaviour when they encounter 
poison bait in sewers. It can be seen that where numbers are low, baiting 
periods have to be extended in order to achieve the desired effect.
With the Preferred Location study, it can also be seen that rats like to have 
dry locations to carry out certain activities in. If these are not consistently 
present, it may possibly be one reason why some areas of sewers show no 
evidence of rat activity in them on a regular basis.
8.4 Sewer Rat Numbers
The Long-term study is the first reported long-term study of any sewer R. 
norvegicus population in the UK.
This ongoing study of which the first thirteen years is reported here, found a 
continuing decline in the number of rats in certain sewers and found a five- 
year cycle in their numbers. The benefits of a long-term study over one-off 
studies are perhaps highlighted by my current data. The Rodent survey 
section of the English House Condition Survey was carried out in 1996 and 
again in 2001. An examination of this data (Channon et al 2006) (see figure 
31) shows that if the
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Figure 25 Twenty years of data for Enfield showing the actual proportion of bait takes and 
the underlying trend. The red line indicates the trend direction inferred if the results from the 
two sample years of the English Houses Condition Survey (ENGS) are joined by a line.
figures for 1996 and 2001 are taken and the two points linked with a line, it is 
easy to infer that you are looking at a dramatic upturn in numbers and many 
commentators have indeed done this based upon the EHCS in fo rm a t ion I t  
can be seen, looking at the underlying trend, that simply connecting any two 
points with a line can lead to erroneous conclusions. With complete annual 
data, as can be seen from the twenty-year data set presented, the trend is still 
downwards and the data more robust.
Although the EHCS data is from surface infestations, Battersby ( Battersby 
2003) uses them and work by Bentley (Bentley 1960) to infer a series of
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numbers and costs about rat related damage to the sewer Infrastructure 
implying a rat-related bill to the economy of up to £20M. Bentley, he argues, 
did show a strong positive correlation between surface and below ground 
infestations. However I have some reservations about how strong this 
argument can be viewed to be because Bentley’s study area was quite small 
and appears to have been selected as a known problem area.
The long-term study of sewer rodent populations presented here Is completely 
unique dealing with a (currently but ongoing) twenty-year study of the 
fluctuations in rodent numbers in a substantial part of a sewer network in 
London.
The importance of this study is that it replaces speculation and infrequent 
sampling with hard trends and gives an indication of the changes that are 
occurring in the sewer rat populations over time. The value of this work lies in 
showing the true trend of the rat populations within the sewers and the cyclical 
nature at times of the population.
It was the first study to show that Sewer Rat populations were a lot smaller in 
one area than the scientific, environmental and popular press believed.
The fact that the observed trend ran counter to contemporary surface 
observations^was extremely interesting and further work is indicated to 
establish what the numbers of rats and population trends on the surface really 
are in order to discover the reasons for these differences. Since it was 
suggested in other work, and later confirmed in my own work, that rats were 
not confined in the sewer system but could enter or leave as they wished, the
The actual national percentages they produced for 1996 were 1.7% and 2001, 3% of the housing sample. These 
are surface numbers and not sewer as in Enfield and so not directly comparable. Department of the Environment 
Transport and the Regions, (1996).
This graph is taken from my “Three Boroughs" study (Channon et al 2006)
National Pest Technician Association, National Rodent Survey (annual 2000 onwards) reports.
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fact that the numbers in the sewers were showing a decline suggests that 
environmental factors were playing a role. Although the construction and 
design remain largely unchanged, the weather patterns and human waste 
contents within this environment may have altered. The mixed quality of 
surface data does not allow us to check whether the observed decline is 
reflected in surface numbers as well.
As mentioned earlier, Battersby (J) (2005) shows an overall long term decline 
from 1961 and notes a recent upturn whereas the NPTA (2000+) survey 
claims that numbers are rising but over a much shorter time scale. Battersby 
(J’s) (2005) data is largely drawn from the National Game Bag returns, 
primarily filed by gamekeepers from rural shooting organisations. The NPTA 
data is drawn from Local Authority returns. Whilst the location of the rodent 
problems are not specified, they are based upon "complaints” so it might be 
inferred that the bulk of these are close to habitation and possibly urban in 
origin.
There is therefore some evidence that long-term data sets for the surface also 
show a decline in rural areas. The overall picture is clouded somewhat when 
we try to compare that long-term with the NPTA data since it is unclear 
exactly where the NPTA data is drawn from. However, it is possible that the 
two data-sets are consistent and that the conclusions drawn from the latter, 
smaller data range, might change as more data becomes available.
Similar considerations might apply when my own 13-year study is considered. 
We have to accept that the studies and data-sets mentioned above are drawn 
from two or possibly three widely differing habitats and that comparisons can 
only be made in the most general sense.
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It Is clear that much of the prior sewer rodent research was based around 
experimental observations at a relatively limited number of manholes and 
timescales. Conclusions drawn from these small studies were being projected 
across whole networks. Larger data-sets such as mine from Enfield, observed 
over longer time-scales tend to even out local anomalies of location or timing 
and this is perhaps why both Battersby J (2005) and my own study both show 
a long term decline.
By having a long-term data set rather than an occasional snapshot, the 
existence of the possibility of cyclic population movements could be tested. 
Population cycles were shown to have existed and, although the driving 
factors were not revealed, there seems to be a potential commonality with 
other rodent species observed by others Stenseth et al (1996), Steen et al 
(1996) that also show cyclic population trends.
Other researchers have noted cycles in surface rats. Swift (Swift 2001) found 
a ten-year cycle when he looked post hoc at data on the rat populations in the 
City of Leeds. The number of rat complaints reported in the UK’s 5*^  largest 
city over a 25-year period was examined. A cycle of increase and decrease 
was observed. However, the study was based on complaints and is not able 
to give an estimate of verified rat problems and how many were sewer 
related.
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Schmidt (Schmidt et al 2003) noted that sewer baiting has been stopped in 
Zurich (Switzerland) with no apparent ill effects on the size of the rat 
population"*®^ .
There may be an argument to say that poison baiting has no long-term effect 
upon sewer rodent population numbers. True, we have noted a long-term 
decline but, even though this was noted using sewer-baiting returns as data, 
this does not prove the link between the one and the other. What is really 
needed to settle this question is either generate comparable data for an un­
baited area of sewer or provide comparable surface data showing a divergent 
trend.
8.5 Sewer Rat Distributions
The Hot-Spot study showed that rats are not evenly distributed throughout the 
sewer network as was previously assumed, but can occur in the same 
locations year after year. This was important in that it suggests that there may 
be some structural features that support the presence of rats within the 
network. It may be therefore, that Bentley’s (Bentley at al’s 1955) work was 
located over a “hotspot”, leading to the inference that the subterranean 
findings were representative of the sewer network as a whole by Battersby 
(Battersby 2003) and others. As can be seen, the existence of hotspots is 
consistent with the overall decline in numbers shown in the Long-Term study 
and the Three Boroughs study. This is also supported by surface findings 
(Rennison & Shenker’s 1976). They found that there was no one London 
borough in their study that had a higher level of infestation than any other.
“Before 1994 rats were not only controlled on the surface but they were also baited in the public sewer system. 
Since then this time consuming work has been stopped with no apparent negative symptoms concerning rat
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A follow-on and Important finding of the Hot Spot work was that there are 
areas of the sewer network where rat activity has seldom if ever been noted, a 
feature we later dubbed "Not Spots”. My current work, the “Hot Spot and Not 
Spot Study” is a work in progress and one that aims to identify what features 
pre-dispose a location to be one or the other. The Three Boroughs Study 
(Channon et al 2006 b), points to the possibility of an inverse association 
between population numbers and rainfall surcharge events as being perhaps 
one of the factors which might make an area a “Not Spot”. A negative 
correlation was found between takes and frequency of surcharge events 
(correlation coefficient = -0.7). This does not reach significance but was strong 
enough to suggest that further investigation might lead to some conclusions. 
The existence of Hotspots suggests that colonies of rats have become 
established at particularly favourable locations. How did rats find these 
locations? Drummond (Drummond 1963) looked at ways in which new rodent 
colonies might be formed. He suggested that antagonism between individual 
rats might cause some rats to leave a colony to set up new ones, even when 
the colony is well below its maximum capacity. He studied which types of rats 
are most likely to move. There were indications that males tend to move more 
readily than females.
It could be the environmental conditions that make an established favourable 
location a hotspot. Barnet (Barnet ef a /1951) certainly identified that access 
to a food source was necessary for a surface colony to build up.
One problem with much of the contemporary research on rats is that the 
interest in the rat population is not set into any wider ecological context. There 
is no acknowledgement in much of the public health research that rat
appearances in the city".
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populations occur as a natural component of the wider ecosystem. The focus 
is more on the desirability for complete elimination and the responsibilities of 
the various stakeholders. It is necessary to step back from the disease risks 
far enough to answer some of the bigger questions about rat populations. It 
does appear, from the patchy data available, that rat populations have 
declined in the last fifty years. Should we attribute this to better control 
methods or should we be investigating whether or not we are seeing a low 
phase effect (Boonstra et al., 1998)? Un-predated populations are known to 
cycle^ ®® so predation is not a necessary condition of cyclic population. Rats 
living in London sewers have no known predators and cyclic change it is 
something I found in the first ten years of the iong-term study. In the wider 
European context, Schuster (Schuster and Roder 1971) carried out a study in 
the city of Magdeburg (Germany). They found that rats were not evenly 
distributed throughout the sewer system but tended to be found mostly in the 
higher parts of the network (pipes at the head of the system). They mainly 
attributed this feature to rats in the lower levels being drowned during periods 
of heavy rainfall. They did not see rainfall as a self-regulating system of rodent 
control but more as a reason why distribution was uneven. Traweger 
(Traweger & Stotta-Bachmyr 2005) in Salzberg (Austria) found that surface 
rats were unevenly distributed throughout the city and they identified some 
common locations, buildings (c1950-80) waterways and compost heaps as 
potential hot spots. They thought natural soil and access to vegetation waste 
were important to allow the establishment of a rat colony. Bajomi and Marcos 
(Bajomi & Marcos 2003) have produced a study of rodent activity covering 31
"On Wrangel Island, a large (5200 km) island in Chukchi Sea, both species of lemmings...go through 4-5 year 
cycles....However this Island has no resident specialist predators." Population Cycles of Small Mammals Boonstra et
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years of rodent control in Budapest (Hungary) and found a decline in surface 
populations but they noted an increase in sewer populations of up to about 
8% recently. However, insufficient information is given to enable as to answer 
why this might be.
Singleton (Singleton et al 1999) made a case for the ecologically based 
management of rodent pests. If events like surcharging act as control 
measures and if, as we’ve found, rats prefer sections of sewer where there is 
access to dry areas to groom and breed, it should be possible to “design” 
them out with better engineering and maintenance of the sewer system. The 
value of the work here then Is in that it shows that efforts to control rats would 
be more successful if they were focussed on identifying, treating and repairing 
faults in the sewerage network that provide the necessary conditions for rats 
to multiply as Battersby and Pond (1997) also advocate.
8.6 Methodology
One of the innovations of our contribution to the UKWIR study and 
subsequent work was the design and construction of the Sequestered Sewer 
System. This was the closest I could come to replicating the conditions found 
within the sewer system and, at the same time, set up laboratory type 
observation conditions.
The design enables manipulation of many of the key environmental variables 
in a way that other systems that are used to study and monitor small mammal 
populations don’t allow.
al. (1998).
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The use of infrared cameras linked to security type multi-channel surveillance 
monitoring equipment was extremely innovative in this application. The use of 
trapped sewer rats, released into this sequestered system which was 
connected to the main sewer network, helped to ensure that behaviours 
observed covertly matched, as far as possible, those that might be observed 
in small pipes elsewhere In the sewer network.
The sequestered system provides a possible study approach through which 
further observations might be made by other scientists. The opportunity for 
further exploring the links between sewer rat behaviour and studies of the 
development of intelligence using rats in mazes (Skinner 1938) has not been 
followed up here even though the parallels are obvious. It may be that, if 
researchers were looking to repeat or develop research questions in these 
areas without using cage bred rats exhibiting stereotypies^®  ^and other 
aberrant behaviours, the sequestered system may lead to a low-stress route 
whereby these programs could be revisited. The opportunity for the 
experimentalist lies in the ability to be able to change and reconfigure that 
system readily and without the subject even being aware of the observer's 
existence.
Galef (Galef 1999) argues “Because of the difficulty of establishing objective 
measures of laboratory rodents' psychological well-being, developing 
environmental enrichment programs that are actually beneficial to rodents 
destined to participate in laboratory research is particularly challenging. Many
“Joseph Garner, a behavioural scientist at the University of California, in Davis, told a conference earlier this 
month that was evidence that a type of repetitive behaviour called stereotypies, common in caged animals, was 
caused by brain damage. In humans, stereotypies - rhythmic, involuntary actions or repetitive limb movements - 
mice. The journal Nature, which reported on Dr Garner's work in a recent issue, recalled that stereotypies in lab 
rodents were only discovered in 1996 when a Swiss researcher used an infra red camera to find out what mice got 
up to when their keepers switched off the lights and went home”. Guardian August 28''' 2001 
hltp://www.guardian.co.uk/uk_news/story/0,3604,543234,00.html checked 12/07
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studies of effects of environmental complexity, social housing, and increases 
in cage size suggest that professional judgements as to the impact of diverse 
types of environmental enrichment on rodent welfare are not a reliable basis 
for evaluating the outcomes of enrichment programs for laboratory rodents. 
Successful enrichment programs will vary from one rodent species to another, 
between sexes, as well as between age classes. There is a need for 
objective, measurable goals for proposed environmental enrichment programs 
for rodents, as well as for empirical investigations of the beneficial and 
detrimental consequences of proposed environmental manipulations. “
I would argue that a sequestered system goes a long way towards meeting 
some of these goals and, as a consequence, the behaviours observed and 
reported are more natural and less affected by the stress of living in an 
unfamiliar and, from a rat’s perspective, unattractive environment.
As can be seen from the Interceptor study, sequestered systems can be 
tailored to answer quite specific questions such as whether rats can pass 
through water traps.
8.7 Current and Future Work.
The long-term data set now extends to twenty years. I am currently in the 
process of examining this data and preparing it for publication. I would like to 
see Thames Water continue to support the collection and publication of sewer 
rodent data and I would also like to see other Water Service providers doing 
the same. The twenty-year data set from Enfield is the only one of its type. 
The continuing presence of rodents in sewers should remain a cause for 
concern from the public health point of view. The potential for sewer rats to
The Home Office code of practice recommends that breeders and suppliers of lab rodents give a single mouse 200sq 
cm of cage space, and a single rat 500-800sq cm.
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transmit disease remains undiminished and their presence so close to human 
habitation is potentially problematic.
As I have argued, the piecemeal collection of data on sewer rodent 
populations does not provide an accurate picture and the benefits of a more 
consistent approach must be apparent through this work.
I am also trying to identify possible common factors in “Hotspot” areas and 
common factors in “Notspot” areas in the “Hotspot and Notspot" study that is a 
work in progress. This work has been running, on and off, as funding permits, 
for four years since and is exploring relationships between rat population 
densities and housing type, housing density, position of pipe in the system, 
sewer construction and commercial activity.
The Three Boroughs Study (Channon et al 2006 b) identified a 
possible/probable link between rodent population cycles and rainfall data. 
However, more research is needed to find out how localised the effect of 
heavy rainfall is, and whether the data exists in sufficient detail and a format 
that will allow matching it to the sewer baiting records.
From a behavioural perspective, it still remains to be established what the 
exact relationship is between a sewer rat infestation and a surface rat 
infestation. Are the rats driven down or up by population pressure or 
occasional surcharge events? If, as we have shown, they can readily 
negotiate interceptors, is there a case for a top-down approach and a study of 
the behaviours of a surface colony with possible sewer access?
There is also a need to explore the parameters of exactly what conditions rats 
would require to be prepared to breed inside sewer networks. The preferred
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locations study went some way towards this but didn’t actually set out to 
answer this question. We did observe mating but not breeding.
There is a general deficiency of information about the populations of R. 
norvegicus on the surface as well. As highlighted in the discussion, snapshot 
surveys can lead to erroneous conclusions. A more consistent, annual 
approach to pest population monitoring would help to avoid this. In Genoa 
(Italy), Alblnetti (Albinetti et al 2003), using GIS as an aid has worked on 
identifying factors that would influence surface rat populations^®®.
Traweger and Stotta-Bachmyr (2005) have also been using GIS modelling 
systems and it would make sense for future studies to include both the data 
and the opportunities for analysis afforded by GIS systems. Thames Water 
already has a GIS asset management system as do many other water service 
providers. If rat complaints and sewer treatment details were entered onto 
such a database, the identification and location of hotspots would be much 
easier and in future research, hot-spots could be placed at precise locations 
rather than within 1 hectare squares.
8.8 Summary of Conclusions:
I set out to;
(1) Establish if rodent populations in sewers are separate from surface ones 
(Interceptor study; Chapter 3) and found evidence that rats were not 
constrained by the intercepting/disconnecting devices as previously thought. 
The conclusion is therefore that there is not a separate population living in the 
sewers, that rats can transit interceptor water traps in the dark. They can
“This kind of monitoring system can provide a reliable indication for the improvement of de-ratting and rat control.
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transit in both directions with apparent ease, they can bypass the water trap 
and transit more easily if there is no cap on the interceptor. I found that from a 
rodent control point of view, Interceptors, at best serve as a temporary 
deterrent. That Interceptors are not effective, permanent barriers for rodents 
and should not be retained or included for that purpose alone.
(2) Investigate the numbers and distribution of rats in sewers (Preferred 
Location study / Long-term study / Hot spot study: Chapters 6 & 7) and found 
that numbers were in overall decline. The long-term study indicated that the 
proportion of bait takes decreased significantly from a proportion of 0.17 bait 
takes in 1986/87 to 0.03 in 1998/99. This suggests that the rat population 
also declined during this period. The decline in the proportion of bait takes 
over the study period was found to level off at around one to two percent of 
bait takes. This suggests that with continued baiting the population would not 
have been eliminated from the system. The Hot Spot study found that the 
pattern of distribution was uneven with some locations exhibiting activity year 
after year and others seldom, if at all. It is clear that hotspots occurred in all 
boroughs studied although the evidence is stronger in Enfield and Barnet than 
RBKC. The number of statistically significant results found means that the null 
hypothesis that rodents are evenly distributed amongst the manholes must 
therefore be rejected in favour of the hypothesis that rodents are not evenly or 
randomly distributed within these sewerage systems.
Its dynamic nature allows us to recognize sensible and infested areas, to calculate relationships with other 
environmental parameters, to show the best interventions optimizing economic investments, to evaluate the efficacy 
of rat control intervention to predict the future dynamics of rat population and infestation."
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(3) Identify behaviours that might affect rat numbers and evaluation of control
measures (Bait trial; Chapters 3, 4 & 5) and found that rats in sewers:
1. Were not constrained by interceptors and could enter and leave via water 
traps if they wished so this meant that numbers were not tied to conditions 
within the sewer system.
2. Spent time in dry parts of the system and carried out activities there that 
were not observed in wet parts suggesting that dry location may be 
necessary condition for a part of the system to be attractive to rats. These 
seemed to be grouped around sleeping and nesting behaviours. Whereas 
wet location behaviours were grouped around foraging and exploration.
3. Did exhibit neophobic type responses to introduced objects, which might 
affect the success of sewer baiting programs. There were three distinct 
phases to the rat's responses to new baits. These were initial avoidance, 
exploratory behaviour and finally consumption. These phases varied in 
time depending upon the number of rats involved.
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Appendix 1 
Data for London Borough of Enfield for years 1986-98
Y ear num ber Y ear Manholes % Borough Bait Percentage
Baited Covered Takes Takes
1 1986 2531 42.1833333 427 16.9
2 1987 3684 61.4 237 6.4
3 1988 3868 64.4666667 638 16.5
4 1989 5390 89.8333333 712 13.2
5 1990 2824 47.0666667 209 7.4
6 1991 2002 33.3666667 234 11.7
7 1992 2642 44.0333333 170 6.4
8 1993 2425 40.4166667 217 8.9
9 1994 3457 57.6166667 286 8.3
10 1995 1634 27.2333333 45 2.8
11 1996 2050 34.1666667 52 2.5
12 1997 1639 27.3166667 29 1.8
13 1998 606 10.1
Average
44.5538462
26 4.3
Enfield has approximately 6000 foul sewer manholes. Neither the Borough of 
Enfield or Thames Water, the asset owner is quite sure of the total numbers 
or locations^ ®®. This number does vary a little from one year to the next due to 
redevelopment and engineering considerations. It also has a similar number 
of surface water manholes, which were also baited for rats during the period 
of this study. That data is not included here. The Borough Environmental 
Health Officer made the determination from one year to the next upon how to 
split the budget between foul and surface water systems. This and budgetary 
variations are the main reason why the numbers shown above varied from 
one year to the next.
Year 13 was the first year that data was collected specifically for the purposes 
of a continuing long-term study rather than rodent control and the number of
T h e  sewer records are incomplete and subject to error.” London Borough of Enfield Rodent Control in Sewers 
Contract May 1991
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manholes baited and checked was designed to provide a representative 
sample of the borough as a whole.
The raw data for the long-term and hot-spot studies are kept at the Microbee 
Offices at 7 Saxon Business Centre, 41-59 Windsor Avenue London SW19 
2RR. It consists of paper records contained in A4 box files of which there are 
far too many to copy and reproduce here (the equivalent of three filing 
cabinets full). It remains the property of Thames Water and can be consulted 
or inspected with their permission.
Sequestered System Studies Data.
The raw data for the studies outlined in chapters 2-5 is also held at the above 
address. It consists of 146 VMS type videotapes with 24 hrs of recording on 
each. Each tape has the camera images recorded upon it in sequence. So, if 
there were six cameras, six images would be recorded one after the other and 
then the sequence repeated. A Multiplexer as well as a suitable VMS player is 
necessary to decode the pictures and present them in a useable format. 
Viewing without the correct multiplexer will display a flashing screen. For this 
reason, the data is not attached to this thesis. Again, it could be inspected by 
arrangement with Thames Water and viewed with suitable equipment on site.
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